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When divalent cation impurities siabstitute for monovalent 

cation hosts, an equal number of cation vacancies are created ' 

for over all charge compensation. Such cation-vacancy pairs 

have been extensively studied in alkali halides by EPR using 

the transition metal ions as impurity cations, EPR has been 

found to give a direct insight into various processes of ion- 

vacancy pair formation, because of the identification of type 

of ion-vacancy complex through their characteristic EPR spectra* 

As a simple extension of such studies in other similar lattices 

ammonium halides have attracted much attention. The ammoniiom 

halides are in fact more interesting because of their various 

polymorphic phase transitions. The extensively studied ammonium 

halides are NH^Cl: (Cu^’*', Mn^"^, Ni^'*’, Pe^"'' and Cr^"^) 

2 + 

and NH^Br (Cu ), The only other ammonixim halide studied by 
2 + 

EPR is NH^F:Cu , Of all the ammonixam halides ammonium iodide 



is rather interesting because it furnishes an opportunity 
of studying two structural phase transitions below room 
temperature (-vSCOK), With the above points in mind EPR 
study of Ammoni-um Iodide single crystals doped with transi- 
tion metal ions has been undertaken. For doping the divalent 

ions Cu^^, Co^"^ and Ni^"^ and the trivalent ions 

3+ 3+ 3+ 2+ 

Pe , Cr and Gd were tried, out of which, only Cu , 

2 + 2 + 

Mn and VO EPR spectra could be observed in the teirpera- 
ture range 57 3K to 77K available in our lab, A detailed EPR 
study of these ions in ammonium iodide single crystals over 
the temperature range 57 3K to 77K has been carried out. The 
whole work can be broadly divided into three parts, viz, com- 
putational analysis of the EPR spectra, study of ion-vacancy 
complexes and study of the phase transitions in Ammonium Iodide, 

Chapter I describes in brief, a general introduction to 
the subject of EPR in solids, particularly in single crystals, 

A brief mention of various fields of applications of EPR in 
interdisciplinary areas hsas also been made. 

Chapter II has been divided into four sections. Section 
A deals with a brief theory of EPR, the crystal field effects 
and the Spin-Hamiltonian formalism. The discussion is restricted 
to iron group transition metal ions in general. Section B pre- 
sents Spin-Hamiltonian analysis, computational methods and 
analysis of forbidden hyperfin^e transitions. Section C briefly 
describes the application of EPR as a technique to study phase 
transitions in solids. The last section D presents the crystal 



structures of Arrmonium Iodide in all its three phases# models 
for these transitions and the transition temperatures oibtained 
through various experimental techniques. 

Chapter III contains a brief description of the experi- 
mental set up used in the studies - a Varian E-line X-band 
EPR spectrometer (B-102)# a continuous flaw crystat fitted 
with a Varian E-257/WL-257 variable tenperature controller# 
a two axis crystal rotating device# and a Varian E-500 Gauss- 
meter for calibration of the magnetic field. The techniques 
used for growing good quality single crystals doped with 
paramagnetic impurities have also been described. 

In chapter IV results of EPR study of Ammonium Iodide 
2 4 - 

doped with Mn have been given. The studies were made at 
Q-band frequencies at RT and ^t X-band frequencies in the 
temperature range 573K to 77K. The parameter b^ (2- D)-was 
found to be very large ('\j 1612 Gauss) due to which the X-band 
spectra were complicated and Q-band studies became desirable. 
The temperature dopendenca of the Spin-Hamiltonian parameters 
and the line widths is presented. The spectra of polycrys- 
talline samples at X-band and at Q-band are also discussed. 

The strong angular dependence of hyperfino forbidden transi- 
tions and the model for ion-vacancy complex has been discussed. 
The concept of coexisting phases on passing through the I tran- 
sition temperature below room ten^jorature has also been dis- 
cussed on the basis of the observed large thermal hysteresis 
and temperature dependence of Spin-Hamiltonian parameters and 
linewidths. 



Chapter V presents the results of a detailed study of 
copper doped Ammonium Iodide singlo crystals in the tempera- 
ture range 573K to 77K at X-band, Three distinct types of 
magnetic complexes have been observed. The Spin-Hamiltonian 
parameters# their temperature variation and the nature of 
phase transitions have been discussed in this chapter. The 
possible models for each ion-vacancy ccxnplex have also been 
discussed. 

Chapter VI contains the results of the EPR study of 
Vanadyl ion in Ammonixom Iodide. The molecular ion has been 
found to exhibit a behaviour in NH^I similar to that in liquids. 
The observed room temperature and the low temperature spectra 
have been explained on the basis of the tiambling motion of V-0 
band. The applicability of Kivels‘>n's theory of linowidths in 
liquids has been discussed and used to explain the observed 
linewidths. 

Chapter VII contains the rather c '•'mplementary results of 
2 + ? + 

EPR study of Mn and VO ions in NH^Br single crystals. As 

the EPR study vvf Cu^^# VO^"^ and Mn^'*’ in NH^I single crystals 

yielded ample information and it was observed that these ions 

show more or less similar behaviour in NH^I and NH^Cl# it was 

2+ 2+ 

folt interesting to study Mn and VO in NH^Br, The results 

2 + 2 + 

of the EPR study of VO and Mn in Ammonium Bromide in the 
temperature range 400K to 77K and their comparison with those 
in NH^Cl and NH^I have been summarised. 



Chapter VIII gives a comparative simmary of results presented 
in Chapter IV through VII, The conclusions drawn and the scope for 
further ‘studies have been discussed. 

Each chapter has been written in a manner to be more or less 
self-contained/ therefore/ as such repetition.: of some statements 
is expected. The errors in parameters are indicated by niombers 
inside parenthesis placed after the last significant digit, for 
example/ g = 2,456(5) is equivalent to g = 2.456 ± 0.005, This 
system is adopted for the purpose of space-economy. The tables 
and figures for each chapter are placed serially at the end of 
the related chapter after the reference. Books on the subject of 
EPR/ which were consulted mostly/ in writing the thesis are given 

as 'General References' at the end of the Chapter I, 

iiua 

At the end appendices are included. Appendix A contains 

a literature survey of magnetic resonance and relaxation studies 

on Ammoni'um halides and Appendix B contains the algorithm of the 

method used for calculation of the Spin-Hamiltonian parameters 
2 - 1 - 

for Mn ion.. 



CHAPTER I 


INTRODUCTION 

Abstract; The phenomena of Electron Paramagnetic 
Resonance (EPR) is introduced briefly. A list of 
electronic systems that can be studied by EPR and the 
results one can obtain respectively from single crystal 
studies are discussed briefly. Various applications 
of the EPR technique are enximerated. 



1 

In 1945 Zav loisky discovered the phenomenon, pre- 

2 

dieted by Gorter and Karonig as early as 1936 , that the 
paramagnetic ions in a crystal are capable of absorbing 
energy from a high frequency magnetic field superimposed 
on a constant magnetic field to which the crystal is sub- 
jected. Soon afterwards, experiments were reported by 

3 4 

Cximmerow and Halliday , and by Bleany and Penrose , Many 

and varied have been the uses of magnetic resonance tech- 
niques since 1945, 

The main progress in the techniques of measurement 
came from the Oxford groups of Bleany and Griffith and 
their co-workers. The theoretical background was developed 
by Pryce and his co-workers, Abragam, Stevens, Elliot and 
Judd in the early stages. 

Electron paramagnetic resonance (EPR> is different 

frexn simple microwave spectroscopy in the sense that it is 

highly selective being concerned with paramagnetic materials 

only, whose energy levels may be tuned by the application 

of a magnetic field so as to resonate at a chosen frequency* 

In principle EPR technique can be applied to any paramagnetic 

system paramagnetic atoms or ions, --colour centres donors or 

/ 

acceptors in semiconductors, organic radicals etc. Thus EPR 
spectroscopy is a technique for detecting unpaired electrons 



and for studying the interaction of these electrons with 
their surroundings. Being a sensitive technique/ wherever 
applicable/ it yields accurate and detailed information 
unobtainable with other methods . This method can give 
information about the concentration of free radicals/ 
establishes their identities and helps one to learn a great 
deal about the nature of the chemical bonds within a mole- 
cule. The change in molecular motion can be dedxiced from 
reversible changes in h3^erfine pattern and yields infor- 
mation about trapping and diffusion techniques. Quantita- 
tive information about the hyperfine structure reveals the 
detailed molecular orbit of the unpaired electron and the 
distribution of the spin density over the molecule. This 
enables predictions to be made on the reactivity of the 
different groups in the molecule. There is quite a variety 
of information to be obtained from free radical studies^ 
and the field of investigation is widening all the time. 

The carbon bonding/ carbon heat treated conditions and 
effects in thermoelectricity can be investigated by means of 
EPR study of free radicals. The kinetics of radical reac- 
tions can be studied by measuring either concentration of 
free radicals or the relative concentrations of one radical 
to another. By the latter relationship enzymes have been 
studied in biochemical work. Chemical kinetics at various 
temperatures can be followed and intermediates in catalytic 
analysis be studied. Oxidation reduction systems/ corrosion 
and role played by free radicals in producing corrosion 



effects are the other fields of study by EPR for chemists. 

In biology and associated sciences sxich as biomedical, bio- 
physical and biochemical, there are nimerous uses for EPR, 

In fact most of the EPR machines are found in the biosciences, 
where they study enzyme reactions, behaviour of free radicals 
in living tissues and their carcenogenic effects, effects of 
radiation on biological materials , Much may be learnt about 
the phenomenon of photosynthesis and the study of growth by 
observing the paramagnetic ions needed by some organisms to 
grow. Essentially all the information, obtained on radicals 

stabilized in irradiated bicxnolecules such as nucleic acids^'^ 
5 7 

and proteins ' have been obtained from EPR spectroscopy. 

EPR has successfully been tried as a diagonestic tool for 

5 8 9 

cancer, jaundice, etc, ' ' by studies of free radicals in 
the living tissues. Transistors and other semiconductor 
devices like tunnel diodes, rnby and many more materials of 
great importance in solid state physics have been investi- 
gated using EPR techniques and the investigation has lead to 
the improved cOTiponents. Recent development of electron spin 
resonance imaging of paramagnetic centres in solids^ ^ has 
offered the possibility of examining the distribution of 
paramagnetic centres in sairples. Possible applications 
include radiation damage, diffusion and in^lantation in 
solids. Particularly favoxirable cases are single substitu- 
tional nitrogen in diamond and pho^horus in silicon. Varia- 
tions of the method may permit the observation of spin labels 
in small biological specimens. The last but not the least 



Is the interesting use of the EPR technique in dating archeo- 

11 12 
logical materials , Very recently Ikeya and Miki have 

reported a new dating method with a digital EPR, suitable for 

dating of food or other materials of relatively young age and 

will be helpful for legal medicine or forgery detection. 

EPR is a veary powerful tool and has been most widely xised 

in solid state research, especially in single crystals* The 

concept of 'diluting* a paramagnetic carplex by an isostruc- 

13 14 

tural diamagnetic medium ' and of forming mixed crystals 
with diamagnetic coir^ounds^^, enhanced to a great extent the 
details obtained by EPR (like observation of fine structure, 
hyperfine strxacture and in some cases superhyperfine struc- 
ture), EPR has contributed valuable information concerning 
the energy levels lying within a few cm”^ from the ground 
state of a paramagnetic system and to the understanding of 
various interactions in solids • Many magnetic and structural 
informations may be obtained through the transition ions (Iron 
group, palladium group, rare earth group, platinim group, and 
actinide group) , where the paramagnetism arises due to elec- 
trons in an unfilled d or f shell. Some of them are listed 
hereunder: 

(a) EPR determines the accurate magnitude of the level sepa- 

-1 

ration between the energy levels lying within few cm from 
the ground level of a paramagnetic system. The study of these 
levels by susceptibility measurements requires experimentation 
at very low tenperatures (kT 1 cm~^). The above information 
is useful in interpreting bulk properties e.g. susceptibility 



and specific heat; especially at very low teirperatures # when 

—1 

such properties depend only on the levels within a few cm 
of the groiind level. 

(b) Dilute solid solutions of paramagnetic ions have incre- 
ased the details obtained by BPR studies. This has made 
possible to study the fine, hyperfine and superhyperf ine 
interactions of the paramagnetic complex. The hyperfine 
structure arises due to interaction between electron and 
nucleus, thus is one direct method for finding the magnitude 
of nuclear spin in its ground state and approximate values of 
the nuclear magnetic dipole and electric quadrupole moments 
can be found, 

(c) The sensitivity of the observed EPR spectrum to the 
symmetry and strength of local electrostatic field provides 
useful information regarding the symmetry and sites of para- 
magnetic complex in single crystal study. The number of pre- 
ferential and ‘magnetically inequivalent' sites# tho point 
group s3mttnetry in some cases and the occurence of phase and 

1 . s 

structural transitions in single crystals are obtained 
from EPR studies, 

(d) The determination of accurate 'g' values contributes 

17 

in estimating the interaction with high lying levels , the 
nature of chemical bonding and magnetic effects of paramag- 
netic host ions, 

(e) The existence of covalent bonding can be directly 

observed in EPR spectrum as a stiperstructure on the EPR tran— 
17 

sitions • Covalent bonding also leads to a reduction in the 



I 


1 8 

strength of hyperfine interaction, ^ 

(f) The saturation of forbidden hyperfine transitions 
obtained in EPR, is one of the most effective means of 
polarizing nuclei,. 

(g) Useful information, is sometimes, obtained about the 

band structure of solids e,g. in the case of graphite, EPR 

0 

provides the values of some band parameters which were not 
available from the -previous experimental work^ 

(h) In a well resolved EPR spectrum, the widths of resonance 
lines depend on a nxrriber of factors e,g, spin lattice relaxa- 
tion time i,e. the rate at which the microwave energy absorbed 
by spins is transferred into thermal energy (lattice vibra- 
tions), the magnetic dipole interaction between neighbouring 
magnetic ions and the exchange interaction between neighbours. 
Thus the information about these factors can be obtained from 
the observed line widths in EPR spectra, 

(i) The study of defects in single- crystals by EPR is of 
great interest. It has been possible to characterize the 
complex lattice defects and colour centres in single crystals 
with EPR, . Interesting data concerning the properties of con- 
duction electrons in metals and semiconductors have been 

19 

obtained through EPR , 

(j) Photosensitive charge transfer processes important in 
luminiscence and photoconductivity can be investigated by 
EPR, -The first observation of charge transfer by visible 
light was of Pe^"^ into Pe^'*’ in Cds^^, The charged 





states observed by EPRare generally produced or enhanced 

by the trapping of free electrons or holes created during 

illumination of the crystal with light of energy near to 

that of the band gap, and diminished with light of energy 

less than that of the band gap. However, Ni^"*” were produced 

with light of energy less than that of band gap by Holten 
21 

et al"^-^. 

(k) EPR has found important applications in radio engineering 
in the construction of low noise amplifiers and also in solid 
state maser materials. 

Most of the above mentioned information can be obtained 
from well resolved EPR spectra. The observation of EPR in 
concentrated materials is hindered by the broadening of reso- 
nance lines due to magnetic interactions between paramagnetic 
ions and thus makes them xanpopular for EPR studies. QE late, 
however, it has been found that it is possible to get well 
resolved EPR spectra in paramagnetic hosts satisfying certain 

criteria and in such cases it is possible to get information 

22 

about the host crystal. Following are the electronic systems 
that can be used in studies by EPR, 

(l) atoms having an odd nximber of electrons, like Nitrogen or 
Hydrogen 

(2) ions having partly filled inner electron shells for example 
transition ions (iron group, palladixm group, rare earth 
group, platinxim group and actinide group) 

(3) molecules having an odd nimber of electrons, such as NO 



(4) free radicals (compounds possessing unpaired electrons 
like CH^), x>7hich may often be produced by nuclear 
radiation 

(5) colour centers which involve, in the main, trapped 
electrons or holes 

(6) conduction electrons in metals and semiconductors 

(7) a small number of molecules with an even number of 
electrons but having a resultant angular momentum, 
as an oxygen molecule. 



REFERENCES 


1, E. Zavoisky, J. Phys. USSR 9, 211 (1945); ibid 10, 170 
and 197 (1946). 

2, C.J. Sorter and R. de L, Kronig, Physica 1009 (1936), 

3, R.L. Cummerow and D. Halliday, Phys. Rev. 70, 433 (1946), 

4, B. Bleany and R.P. Penrose, Natxare 157 . 339 (1946), 

5, D.J.E. Ingram ‘Free radicals as studied by BSR* , 
Butterworths, London (1958), 

Pshezhetskii, V.K. I4illinchuk, V.A, Roginski and V.I.Tupikov 
‘EPR of free radicals in radiation chemistry', translated 
from Russian by P, Shelnitz and edited by T. Pick, John- 
Wiley & Sons, New York (1974), 

W. Gordy 'Syirposium on information theory in biology' , 
Pergmon (1958), 

H.M, Swartz, J.R. Bolton and D.C. Borg -'Biological appli- 
cations of ESR' , Wiley-Interscience,New York (1972). 

S.J. VJyard 'Solid state biophysics', McGraw Hill, New York 
(1969). 

6, - A. Muller, Prog, Biophys. Mol. Biol, j^, 491 (1967), 

7, W, Gordy, W.B. Ard and H. Shields, Proc, Natl, Acad, Sc. 

41, 983 (1955). 

8, K.U. Ingold, 'Magnetic resonance in chemistry and biology' , 
Inc . , New York ( 1975 ) , 

9, A.J. Vithayathil, J.L, Ternberg and B. Commoner, Nature 
207 , 1246 (1965). 

M.J.R. Hoch, J. Phys. C: Solid State Phys. 14,5659 (1981). 



10, M.J.R. Hoch and A.R. Day. Solid State Commxin. 211 (1979). 

11, M. Ikeya, Nature 255 . 48 (1975); Archeometry 20 , 147 (1978), 
J.M.Aitken, *Phys. and Archeology'. Clarendon .Oxford (1974), 

12, M. Ikeya and T. ICLki. Natur. £7. S. 191 (1980). 

13, R.P. Penrose, Nature (London), 1^. 992 (1949). 

14, B. Bleaney and D.J.E. Ingram. ibid. 164 . 116 (1949). 

15, B. Bleany and D.J.E. Ingram. Proc. Phys, Soc. (London) 

A63 . 408 (1950). 

16, P.J. Owens-, C.P. Poole Jr. and H.A. Parach. -'Magnetic 
resonance of phase transitions'*. Academic, New York (1979). 

17, J.H.E. Griffiths. J. Owen and I.M. Ward, Proc. Roy, Soc, 
(London) A219 . 526 (1953). 

18, J.S. Van Wieringen, Discuss, Parad. Soc, 118 (1955), 

19, B. Henderson and A.K. Garrison, Advances in Phys, 22 . 

421 (1973). 

20, J, Larribe, J. Baker and C. Kikuchi, Phys, Rev. Lett. 3 , 

270 (1959). 

21, W.C. Holton, J. Schneider, and T.J. Estle, Phys, .Rev, 

A133 . 1638 (1964), 

22, G.C. Upreti and R.S. Saraswat, Mag, Reson, Review 7, 

215 (1982), 



GENERAL REFERENCES 


1* W. Low, 'Paramagnetic Resonance in Solids , Solid 
State Phys. Supplement 2, Academic, New York (I960}, 

2, A, Abragam and E, Bleany, 'Electron Paramagnetic 
Resonance of Transition Ions’, Clarendon, Oxford (1970), 

3, C,P. Poole Jr, and H.A. Farach, 'The Theory of Magnetic 
Resonance', Wiley- Interscience (1972), 

4, J.W, Orton, 'Electron Paramagnetic Resonance', London, 
Iliffe Books Ltd, (1968). 

5, Ed.: F.J. Owens, C.P. Poole Jr. and H.A. Farach, ‘Magnetic 
Resonance of Phase Transitions', Academic, New York (1979). 

6, C-P. Poole and H.A. Farach, 'Relaxation in Magnetic 
Resonance', Academic, Press N. Y. and London (1971), 

7, A.S. Marfunin, 'Spectroscopy', Luminescence and 
Radiation Centres in Minerals', Springer, Berlin (1979). 

8, H.M. Swartz, J.R. Bolton and D.C. Borg, 'Biological 
Applications of Electron ^in Resonaixie*, Wiley- 
Interscience, New York ( 1972 ) . 

9, D.J.E, Ingram, 'Biological and Biochemical Applications 
of ESR', Plenxim Press, New York (1969). 

10, S.J. P^ard, 'Solid State Biophysics', McGraw Hill 
New York (1969), 

11, 'Biological Magnetic Resonance', Vol, III edited by 
L.J. Berliner and J, Reuben Plenum New York (1981), 

12, A selected bibliography covering literature up to 1972 
is available at the end in reference (3), 



CHAPTER II 


THEORY 

Abstract; This chapter has been divided into four Sections, In 
Section A theory of EPR* the crystal field effects, and the spin- 
Hamiltonian formalism have been discussed briefly. In Section B 
the methods of spin-Kamiltonian analysis are described. A general 
method for fitting the spin-Hamiltonian parameters of a spin- 
Hamiltonian appropriate to an orthorhombic symmetiy of crystalline 
field for ions with S >1/2 has been described. The cOTiputational 
method for angular variation of EPR spectrum, analysis of hyper- 
fine structure and approximate methods in the treatment of hyper- 
fine forbidden transitions are discussed. Section C deals with 
the applicability of EPR as a technique in the study of phase 
transitions in crystals. The last Section D contains a brief 
review of phase transitions in ammonixm halides and the crystal 
structures in various phases are summarized. The transition 
terrperatures of NH^I obtained through various experimental tech- 
niques are revie-./ed briefly. 



SECTION-A 


A,1 RESONANCE CONDITION 

The condition necessary for obtaining the resonance is 
equality of the radiofrequency quantum hV and the energy diffe- 
rence 4^E =s (Ej^- E 2 ) between the spin sxib levels. When a free ion 
with a resultant angular momentum J is sxabjected to a static mag- 
netic field interaction, then it has 2J+1 energy levels, whose 
energies are given by : 

Ej^ = g/3HMj ... (II-l.l) 

J 

where Mj = J, J-1, ,,, , -J+1, -J, H is the static magnetic field, 
g is the spectroscopic splitting factor and ^3 is Bohr magneton. 

In electron paramagnetic resonance one is interested in the 

allowed magnetic dipole transitions between these levels. If the 

direction of the electromagnetic radiation field is parallel or 

perpendicular to the magnetic field direction the allowed magnetic 

dipole transitions are given by the selection rules — 0 or 

AMj = i 1, respectively. Hence when the microwave magnetic field 

is normal to the applied static magnetic field direction, one 

observes a single absorption line corresponding to the energy 

difference, AE = gjS H, between the E^^ levels differing in Mj 

J 

value by ± 1, Therefore for the microwave quantum with energy 
the resonance condition becomes : 



Further the intensities of these transitions are given by the 
square of the magnetic dipole transition probabilities 
where transition probabilities are given by : 

[ JCJ+D - .. (11-1.3) 

It is thus clear that different transitions will have 

U 

different intensities. 

The expression (II-1.2) establishes a triple dependence : 

(i) Magnetic field H, brings forth the appearance of spin siablevels 
(Mj) with energy difference between them, 

(ii) The microwave quantxim hi? causes transition from the lower 
spin sublevel to the upper one, attended by absorption of energy, 
and produces an absorption signal, 

(iii) The g-f actor defines the position of the absorption signal 
for given H and hl^ and is a characteristic of the system (material) 
under study. Therefore, there are only two technical variants for 
the resonance condition, viz, the field and the frequency. The 
spectrometers where microwave fre(3uency is kept fixed and field is 
varied between two appropriate values until all the possible reso- 
nance signals are obtained, are called field swept and are found 
to be more convenient. After putting the nvjmerical values of h 
andji the resonance condition (11-1,2) may be rearranged as : 

H CO) = 701^' (®z) __ 

(reson, ) 9 

g 

where G = Gauss and GHz = 10 Hz, For a value of g- fact or = 2 and 



with a frequency eqpaal to 10 GHz the value of the resonance field 
is about 3500 G; which is readily attainable. The ccxnraercially 
manufactured EPR spectrometers commonly operate within following 
band frequencies ; 


Band 


Wavelength (cm) 


y(^z) 



X 

3.2 

9.3 

3.3 

K 

1.25 

24.0 

8.5 

Q 

0.8 

37.5 

13.0 


The technique and equipment for measuring EPR spectra are discussed 

1 2 

in detail in a number of excellent monographs * , 


A. 2 CRYSTAL FIELD EFFECTS | 

(i) Pine Structure of the EPR ^ectra j 

Splitting of energy levels in EPR occurs# under the effect | 
of two types of fields: internal crystalline field and external ! 

I 

applied static magnetic field. While studying paramagnetic ions i 
in diamagnetic host crystal lattices, there are two types of in- 
ternal interactions: (a) dipolar i.e. between paramagnetic ions 

I 

and (b) ligand field i.e. between paramagnetic ion and the diamag— j 
netic host neighbours. Former interaction is red\jced effectively 
to a negligible proportion by diluting the paramagnetic ions in | 

f 

the diamagnetic host. Thus each ion may be considered isolated 
from other paramagnetic ions and interacting only with the ligands. 
The latter interactions modify the magnetic properties of paramag- 
netic ions. The crystal field (CP) theory asstames that the para- j 
magnetic ion experiences a crystalline electric potential produced | 


by the neighbouring ions (point charges) or molecules (point 

dipoles / e.g, H 2 O). The unpaired electrons are \u:Mier the influence 

of a force due to this potential and their usxial orbital motions 

get modified. In other words the ligands influence magnetic ion 

entirely through their electric field at its site and the spin 

states, can, be split by this crystalline field. This splitting 

is known as the crystalline field splitting (CPS) or zero field 

splitting (ZPS), or as initial splitting. The order of its magni- 

—1 —1 

tude varies typically from 0.1 cm to 1,0 cm and is quite neg— 

3 —1 

ligible in conparison to the optical transitions 10x10 cm , 
However, the energy of the microwave quanttom (X-bandA^0,3 cm 
and Q-bandOn^ 1,25 cm ) matches with the ZPS in the case of EPR, 
Sometimes direct measurements of ZPS can be made by using the so 
called zero field EPR (zfEPR) technicjue. This ZPS is responsible 
for the fine structure in EPR spectra. 

The crystal field interaction is affected by the electro- 
static screening of the unpaired electrons if the outer shells are 
occupied. Depending upon its magnitude relative to other interac- 
tions, the crystalline field interaction is generally classified 
into three categories : 

(a) Weak crystal field; When CP interaction is weaker than the spin 

orbit interaction. This is the case with rare earth and certain 

actinide conpounds. This is attributed to the shielding of the 

magnetic 4f electrons from the crystalline field due to outer 
2 2 2 

4s ,5s ,5p electrons, 

(b) Intermediate crystal field: Here the CP interaction is greater 
than spin-orbit interaction but is less than the Coulcxnbic 



interaction between electrons. The best exanples of these are the 
hydrated salts of the iron grov^). This sit\iation is often des- 
cribed by the so called ‘quenching of orbital angular mcanentum*< 
where the orbital motion is regarded as clamped by the crystal 
field so that it is unable to respond to an applied magnetic field. 
The magnetic properties are almost due to spin only. 

(c) Strong crystal field: The CF interaction is of the order of the 
energy of mutual interaction between electrons. This occurs nota- 
bly in the cyanides of the iron group and the Palladiiim (4d) and 
Platinum (5d) groups. In this case due to strong covalent bonding 
the crystal field assxmption actually does not hold. 

(ii) Hypeirfine Interaction 

An interaction of the magnetic moment of/'^n^ vii^aired elec- 
tron with the magnetic moment of the nucleus produces an additional 
small splitting of the electron's spin levels and is manifested in 
the appearance of the hyperfine structure (HPS) in the EPR spectra. 
The nuclear magnetic moment produces a magnetic field, , at the 
site of magnetic electrons and consequently the modified resonance 
condition becomes : 

AE = hy-gg (H + ^) .. (II-1.5) 

The hyporfine interaction is highly characteristic one and 
presents a most convenient means for identification ofiparamagnetic 
ions (or centres) by the observed hyperfine structure in the EPR 
spectra. The interaction of the magnetic electron with n\iclei of 
the ligands gives rise to s\:per hyperfine structure (SHFS), 



(iii) Effective Spin and Effective g-factor 

In EPR only the spin degeneracy of the lowest orbital state 
is of interest. The specificity of the action exerted by the 
crystal field on the spin state consists in the fact that cubic 

field does not split spin states (with exceptions of ions with 

** 

S' >2), whereas nonciobic fields lift the spin degeneracy down to 
doublets. The noncubic fields lift the spin degeneracy even for 
orbital singlets, the order of splitting of the spin levels being 
equal to the splittings by the external magnetic field. In cubic 
crystalline fields (without ZPS) the spacing between the spin sub- 
levels in an static external magnetic field remains the same and, 
although the n\mber of magnetic levels depends upon the spin multi- 
plicity (i.e, 2S+1), the difference between the magnetic levels 
is the same therefore the resonance condition is satisfied at one 
and the same field value. Therefore only a single EPR line will 
be observed which can be described by an effective spin g,* = Jg 
(Pig. II-l (a)). Moreover the interaction of electron spin with 
nuclear spin results into (2S+1) x (21+1) st±>levels where I is the 
nuclear spin and mj(= I, I-l, .,,./-I+l,-.I) is the nuclear spin 

magnetic quant-um number (S = I = 5/2 for Mn ion) , The selection 

2+ 

rules = ±1 and Amj=0 make 30 transitions possible for Mn, 
which in the absence of ZPS give rise to six resonance peaks shown 
in Pig. II-l (b) , In non-cubic fields (i.e, in the presence of ZPS), 
the partially degenerate spin levels are initially separated and 
therefore the magnetic field lifts the remaining spin degeneracy 
and leads to several lines in the EPR spectra referred to as the 
fine stiructure. Should the initial splitting of the spin levels 



be larger than the microwave quantum used (hy), the lower level 
will be considered isolated one with an effective spin S* (= ^ for 
doublet and 0 for a singlet lower level). For S*=0 no EPR will be 
obseirved. The low lying doxiblet separated by energy of more than 
hy from higher levels will be described by an effective g-factor 
(= spin s' and the resonance condition will then be : 

hy = .. (II-1.6) 

( iv ) Kramers * and Non—Kramers ' Ions 

The Kramers theorem distinguishes the behaviour in the crys- 
talline field of ions containing an even or an odd ntmber of 
electrons: Kramers' theorari^ states that, no crystalline field can 

split 4he span states below the doublet •. *3 (referred to as Kramers 
doublet ■■ and assures the observation of EPR in the so called 
Kramers' ions (odd number of electrons). In the iron group the 
Kramers' ions Ti^'*’(d^), Cr^'*^(d^), I'to^'*^(d^), Co^'*'(d'^) and Cu "^-Cd ) 
have indeed always shown EPR transitions, 

(v) The Jahn-Teller Effect'^ (JTE) 

The essence of the effect is as follows: if for the given 
symmetry the ground state of non-linear molecule mxast be degenerate 
for certain reasons, the disposition of the nuclei changes in such 
a way that the symmetry of a carplex gets reduced, where upon the 
degeneracy of the principal term is r^oved. The additional spli- 
tting arising therefrom may considerably effect the magnetic pro- 
perties. Van Vleck^ estimated that for iron group a splitting of 
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few hundred cm and for rare earth group about 10 cm may be 

caused by JTE. It has been customary, in the case of cupric 
con^lexes, where distortions from regular octahedron are observed, 
to attribute at least in part, the cause to JTE, 

A. 3 THE SFIi'I HAI-ilLTOHIAlI 

The actual interactions of electronic spins in transition 
series ions are quite complex. Fortunately the EPR spectra can be 
represented in most of the cases by a suitable spin-Hamiltonian (SH) 
with suitable constants known as spin Hamiltonian parameters (SHP) , 
The formalism of the SH is based on the concept of an effective spin. 
As only transitions between lowest energy levels are observed in 
EPR, the levels between which transitions occur may be treated as 
isolated levels, even though these may be influenced considerably 
by the higher lying levels. For a free ion, a state with quantxam 
number J will split into 2J+1 states in an external magnetic field. 
Analogously, if the observed transitions are consistent with transi- 
tions between 23* levels, one may define S' as a "fictitious spin" 
of the system. Thus th levels (2S*+1) may be treated as if 
originating from a stats with "effective spin" or "fictitious spin" 
equal to 3' and the magnetic dipole having 23 ‘+1 possible orienta- 
tions. The fictitious spin S' may or may not be equal to the real 

o j. 

spin S of the system; for example for JIn“ S = 3* = 5/2 and for 

Cr^"^ 3 = S* = 3/2 but for Co^"*" generally S(= 3/2) / S', and S' is 

found to be 1/2, In Fig. II. 2 patterns of EPR spectra of Fe^’*’ and 
2 4 - 

Mn are shown and in Fig, II. 3 patterns of EPR spectra of the 
iron group ions are shown. Thus the SH is an energy operator 



containing only spin variables. The dependence of SH on the 
variables other than spin is included in its constants. The deri- 
vation of SH in its general form is presented in a n^J^^ber of exce- 
llent monographs^*’^^. 

Generally EPR results from a simultaneous manifestation of 
several interactions viz, spin orbits spin-spin, hyperfine, elec- 
tronic zeeman, nuclear Zeeman and quadrupole interactions. Thus 
the complete spin Hamiltonian must contain terms describing all 
possible types of interactions of the magnetic electrons of the 
impurity ion in a crystal placed in an external magnetic field. 
These interactions are included in the spin Hamiltonian depending 
on their strength. The general SH is expressed in the following 
form : 

/3H.g.S + S.D.S. + S.A.I. + Y.P.I. -/=?jH.^jj.I , 

Electronic + Pine +Hyperf ine+Quadrupole+Nuclear 

Zeeman Structure Zeeman 

,.( 11 - 1 . 7 ) 

where S and I are the electronic spin and nuclear spin operators 

respectively and are equivalent to J operators from mathematical 

point of view and g, D, A, P and gj^ are tensor quantities. The 

detailed discussion of all these terms may be found in many books# 

8 12 

for example those by Abragam and Bleany and by Poole and Parach, 
Sometimes it is found convenient to express the spin-Hamiltonian 
in terms of the so called equivalent spin operators, each such 
operator being the equivalent of a ccmibination of spherical harmo- 
nics. This has the advantage that the appropriate SH can possibly 
be written down without detailed calculation, since the SH must 
reflect the symmetry of the crystal field. The number of s^uch 



spin operators is generally limited because of several restrictions 
viz. non zero matrix elements # invariance under time reversal and 

higher symmetry of crystalline field. The SH may then be written 

12 

in the following form : 


i£ 


1^ 


B^C^(S) 


2J 

+ ^ / '"If 

q=0 ^ 


L c^.oSd) 


even 


(II-1.8) 


where q and m are any integers within th^' range and 1 and k are 
even integers. The form of operators are given by Abragam and 

Q 

Bleany'^ (Table 16, Appen.B, page 863) and can also be found in 
many other books on EPR. The matrix elements have been tabulated 

by Abragam and Bleany® and by Sorin and Vlasova^^, Por 0^(S) and 

m 1 2 

0^(1) the operators J. are replaced by S. and I. respectively 

iv X X X 

The coefficients B^ and assxame definite values for specific 
interactions. The systematics of the ^ parameters depending upon 
the symmetry, the ion and its spin is listed in Table 11,1* The 
relationship of the B^ coefficients with parameters b^, which are 
also frequently used in EPR, and with the other traditional para- 
meters in use are given belov; ; 


0 0 2 2 

D = 3B- = b- ; E = B- = ^2/3 orthorhombic ZPS interactions); 

a = 120B^ = 24B^ =(for fourfold axis coordinate system); 

a = “80B^ = -1600 y2B^ =. - '^b^ (for the threefold axis coordinate 

systsn) (cubic ZPS which exists for S > 3/2 ) ; 

P = 180B^ = 3b^ (the ZPS which exists for axial distortions for 

S > 3/2) and in general b^ = 3B^ ; b^ = 60^ and bj = 1260^. 



The axial qxoadrupole term is : 


p[3l| - Id+l)"] = C^oJCl) .. (II-1.9) 

and thus 


p ’= — §39 ! _ 

u 4I(2 I-1)J ~ ^2 


(II-l.lO) 


O 2 V 

where q = ( y) is the electric field gradient at the nucleus, 

'Dx 

In lower symmetry the quadrupole interaction term becomes : 


P [" 31^2 -Kl+l) 


{II-l.ll) 


which in terms of and O^d) beccmes : 


C^oOd) 4- clolii) 


di-1.12) 


2 

and thus = P ^ where the parameter is referred to as the Oi.-* 
symmetry and is thus defined by the ratio * Another 

completely different way to express the spin Hamiltonian is also 
employed, adopting the irreducible tensor formalism and leads 
essentially to the same form of SH and therefore will not be dis- 
cussed in this thesis. One of the major short-canings of the 

Steven's operators (C^) is that they do not exactly transform like 

15 16 

spherical harmonics \inder the finite arbitrary rotations ' • 

17 18 

Bleany and Stevens and Bowers and Owen have reviewed the appli— 

19 

cation of these phenomenological SHs, Buckmaster has made use 
of the so called angular momentum tensor operators in place 

of Stevens operators (C^) and Buckmaster and Shing^*^ conpared the 
0-operator and T-tensor formalisms for the paramagnetic Gd^'*’ ion. 

A comprehensive review of the latter formalism has been given by 



21 

Buclanaster et al who found that this latter formalism may be 
preferred to the former because T-tensors can be transformed con- 
sistently using the matrix elements of finite rotation operator 

1 9 — 2 1 

even for arbitrary rotation whereas 0-operators can only be 

19 

transformed consistently for selected rotations . However this 

does not pose serious problems as the transformation relations for 

Stevens operators for rotations have also been completely derived 

14 

and are available in literature . Therefore we will adhere to 
the use of 0-operators in this thesis. 

A. 4 ZFS OP S-STATE IONS (Mn^"^) 

The S-state in principle will have no interaction with 

crystal field, to first order, hence no ZPS. However, small to 

2+ 3+ 

very large ZPS for Mn and Pe have been observed in practice, 

2 + 

Out of nxmerous theoretical attenpts made to calculate ZPS Mn 

ion, none is found entirely satisfactory and the problem still 

remains unsolved and challenging to the theoretical workers. We 

would not attenpt any discussion on this point except citing refe- 
22—30 

rences , in which attempts have been made towards theoretical 

explanation of ZPS in S-state ions, 

A, 5 PORBIDDEN TRANSITIONS 

The selection rules when magnetic field is perpendicular to 

the applied magnetic field are AM = +1 and Ara^ = 0, where M 

and m^ are the electrons spin quant\xm number and nuclear spin 

quantum nvirriber respectively. These are the so called allowed 

transitions. Pig, II-2 shows the pattern of stach transitions in 
2+ 3+ 

the EPR of Mn and Pe under various interactions. In certain 



cases transitions with AM ^ ± 1 and Am- / 0 are also observed, 

S -i- 

These are normally forbidden transitions but when observed become 

allowed. The transitions with Am i 1 (i.e. Am = i2, ±3 etc.) 

s s 

are referred to "fine-forbidden” transitions while those with 

Am^ ^ 0 (i.e, Am^ = ±1^ ±2 etc.) are referred to as "hyperfine 

forbidden transitions". The fine forbidden transitions beccane 

allowed due to the mixing of different M states whereas hyperfine 

s 

forbidden transitions become allowed due to mixing of various m^ 
states. 

SECTION-B 

SP IN-HAMILTONIAN ANALYSIS 

2+ 

The EPR spectra of Mn ion reported in this thesis have 

31 

been analysed by the method originally developed by Uhrin and 

32 

later modified by Jain and X%>reti , In this section we will 
describe this method and related matter for an SH of orthorhcxnbic 
symmetry which is applicable eqxjally well to cases of higher 
symmetry also. 

(i) The Axes System 

Por all S- state ions in general and in particular 'g 

8 

and A are found to be almost isotropic and therefore the eisyrnmetiY 

is often overlooked and the coincidence of principal axes of g, A 

and D tensors is presxamed. Further for S-state ions and for iron 

group ions in general the contributions of the second order CP 
0 0 2 2 ^ 

terms ^ 2^2 ®2*^2 “ S.D.S, are usually an order higher than higher 

order of CP terms, so that one can assuiae that the principal axes 



of D-tensor (a system of axes in which the tensor is diagonal) will 
determine the principal axes of the complete SH and consequently 
those of the EPR spectrum. Neglecting hyperfine interactions the 
SH (11-1.8) for orthorhombic symmetry can be expressed as : 


Ji = PCg^j^SineCos^fS^+gySineSin^Sy+gj^CoseS^) 


+ bJo^+bJoJ .. (II-2.1) 


where © and 0 are the us^ial polar and azimuthal angles respectively 

with respect to g-tensor principal axes (X, Y and Z) and the axis 

of quantization has been chosen along one of the principal axes of 

D-tensor. The Zeeman term can be diagonalized if the axis of 

quantization is chosen to be the direction of magnetic field H and 

32 33 

then the SH of II-2.1 assxmes the form ' : 


71 = h-. 


ii 


H 2* 0^0' ^2 „2' 4 4' 

^ ®Z+®2°2'^®2°2 ■^®4°4 ■'■®4°4 ■^®4°4 


or alternatively; 


.. ( 11 - 2 . 2 ) 




.. (11-2,3) 


where the modified primed operators of (11-2,2) are related to 

14 

unprimed operators by expressions given by Sorin and Vlosova • 
The relations between the modified constants (primed B^) can 
alternatively be derived from the relationship between 0^ and , 


In the principal axes system the term S.D.S. beccxnes equal 
2 2 2 

to D^^S^ + S„ + where D^+ D + D = 0 and thus leads 

XX X yy y zz z xx yy zz 

1 

only to two independent parameters viz. D = 3D^^/2 and E= 2 ’(B^-Dyy) • 

The axes X, Y and Z can be arbitrarily chosen to label the D-tensor 

34,35 


principal axes and will result in different values of D and E 



There are six different possiKle ways in which the axes can be 

35 

labelled and their inter-relationships are given by Hall et al , 

34 

However, Bluitiberg suggested a unic[ue characterization for the 
labelling of axes which is sanetimes referred to as standard axis 
system. The scheme is as follows : 

°X3^ yy| ^ and in notations of D and E the parameter 

/j (= satisfies the inequality 0 < /j <. 1/3, 

As the SH and EPR spectrum must reflect the symmetry of the 

crystalline field, for an orthorhombic symmetry every transition 

should show an extremum in position when H becomes parallel to any 

0 

of the three principal axes and if the standard axis system of 
34 

Blumberg mentioned above is xised the maximtam spread in fine 

structure will be along Z-axis, the next maximum in fine structure 

spread along Y axis, whereas the third maximum in fine structure 

spread will be along the X-axis. The directions of maximum spreads 

in fine structaare will be referred to , K 2 and in order of 

decreasing maximum spreads. For orthorhombic or higher symmetry 

the directions , K 2 and form an orthogonal set of axes (so 

called magnetic axes) and in addition are coincident with the 

crystal-field tensor principal axes “ , The relations between 

the spin Hamiltonian parameters (including fourth order parameters) 

of SH (11-2,2) in various axis systems (six in all as has been 

mentioned earlier) with respect to orthogonal magnetic axes (K^^ , 

33 32 

K 2 and K^) have been worked out by Jain and Jain and Upreti 
and are given in Table II-2. The axis systemsare referred to as 
and are related to the magnetic axes in the following manner : 



Axis system 


Relative orientations with respect to Principal 



axes 

of 

D-tensor (X, 

Y and 

z). 


^1 

KiH 

Z 

, K 2 I/ Y 

and 

^ 11 

X 

^2 


X 

' ^11 2 

and 

^11 

Y 

S 3 

^ ii 

Y 

^ ^2)1 X 

and 

^3 11 

Z 

S 4 

^lil 

Z 

, ^2 1* ^ 

and 

^ Ij 

Y 

S 5 

^i! 

Y 

, ^2 i ! 2 

and 

^3 1} 

X 

Se 


X 

, K2l( Y 

and 

^ a 

Z 


The relations, for the three remaining systems viz, 

and Sg which are not given in Table II-2 can be obtained singly by 

changing the signs of total expressions in the rows of B 2 and 

of system in this Table and g parameters by sinple permutations 

of g-parameters of system S^, The interchange of X and Y axes is 

2 2 

equivalent to reversal of signs of B 2 and B^. It may also be 
mentioned here that the axis system is the standard axis syston 
of Blumberg and the ratio B^/B^ is always +ve and satisfies the 
inequality 0< (B^/B^) <1. The SH (11-2,1) retains the same form 

in all these axis systems with different values of g^ and ^ para- 
meters. From the SH (11-2,1) it is clear that if is confined to 
ZX plane the secular matrix for (II-2.1) will be real symmetric. 
The secular matrices of the SH will also be real S 3 ^mmetric if H 
remains confined to the plane of axis systems S^^ and Sg , to 

the Kj^K 2 plane of axis systems S 2 and S^ and to the plane of 

axis systems S^ and Sg, When H is confined to the 23^ plane in any 
of these axis systems and the direction of quantization for spin 
S is chosen to be along -axis which coincides with H then the SH 



(11-2,1) which becomes of the following form in ZK plane by 
setting 0 = 0 i 

Ji = (g^SineS^ + gj2Cos8S2)H + .. (11-2.4) 

l,m 


is transformed into : 

= ^g S H + )_ .. (II-2.5) 

fM l,m ^ ^ 

where the relationship between B^ and can be derived as men- 
tioned before and the SH in this form is very convenient to xise 
for finding the angular dependence of energy eigenvalues for a 
given system and consequently of the EPR spectrum involved with 
the energy levels of the given system. Various units of measure- 
ment are used in radiospectoroscqpy and therefore relationships 
between some units commonly used are given in Table TI-3. 

(ii) Computation of Resonance Fields and Determination 
of Axes and the Angular Variation of EPR %)ectra 

The EPR transitions result from a matching of energy levels 
of a ’spin in a magnetic field by the 'microwave quantum used. Thus 
the validity of the phenomenological SH used may be testified by 
comparing the observed and conputed values of resonance fields 
with the help of the solution of SH matrix (with the known values 
of parameters) and sxobsequently matching the possible energy level 
differences to the ’microwave quantum. The SH matrix can be solved 
either by perturbation method or by exact numerical diagnolization 
on digital conputers. The pertxirbation methods are applicable to 
the cases where the Zeeman term is dominant and are thus of limited 



applicability only to cases with small ZPS and small hyperfine 
interaction. The forms (11-2,4) and (11-2,5) can be used to 
diagonalize the SH matrix on a computer. However# in (11—2,4) form 
a shufling of energy levels takes place when the off diagonal 
terms are very large, and results in some inconvenience for the 
scheme of matching of the levels. Therefore the SH (11-2,5) is 
found to be the most convenient for computer diagonalization 
because the Zeeman term is always diagonal. The subroutines avai- 
lable in the computer library of the Dec-10 systons at I.I.T,, 
Kanpur were frequently used for diagonalization of real or conplex 

symmetric matrices, A computer subroutine for diagonalization of 
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real symmetric matrices based on the standard X^cobi method was 
also generated by us and used whenever convenient. 

The energy levels giving the fine structxare in the EPR are 

labelled by q^aant^m nxombers and those giving the hyperfine 

structure by m^.. Though the labelling is done as if these are 

pure quantum numbers, they have no other meaning except their tzse 

for labelling. In the perturbation expressions which involve 

these numbers and treat them as pxire quantum numbers an error is 

introduced due to their real value being different frcxn the pxore 

values. The allowed transitions are defined for Am = ± 1 and 

s 

Am^ = 0. The transitions possible in violation of the above 
rules are termed as forbidden transitions and may involve 
Am = ±2, ±3 etc. and Am^. = ±1# ±2 etc. The resonance fields 
are calculated from the exact solution of SH matrix and by find- 
ing an interval ^H, H+^H) by iterative procediire such that for 
a value of the magnetic field Pj^=jEj- ^^^0 and 



for (Hj-^ H) , Fj >0 where are the levels involved in the tran- 
sition, Am is a positive or negative integer including zero depen- 
ding on the transition under consideration being “allowed" or 
"forbidden", hVis-the microwave quantum and$H is a small niamber 
preselected based on the experimental accuracy of the resonance 
fields (Sh rv;lo"“^-10“^Gauss) , The value of Hj thus ccxnputed 
corresponds to the resonance field position for the transition 
under consideration. The process is repeated until the total 
number of Observed transitions have been considered and their 

positions confuted (in Gauss) . The conputation of relative inten— 
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sities is also possible through the eigenvector matrix , The 
method is equally applicable where the hyperfine terms are also 
included. However this brute force method beccxnes extremely time 
consviming as the number of transitions increases since it involves 
diagonalizations of SH matrix at sufficiently small intervals of 
magnetic field intensity over a chosen range. Recently Misra and 
Vasilopoulbs exploited the Feynman's theorem in conduction with 
least square fitting using exact numerical diagonalization of SH 
matrix in developing a new method for quick and accurate caiputa- 
tion of resonant magnetic field values corresponding to various 
orientations of magnetic field in any chosen plane in an EPR 
experiment , 

Through out this thesis, the analysis and calculation of 
theoretical (conputed) angular variation curves was done by exact 
diagonalization and using the brute force method. Occasionally 
36x36 matrices were also diagonalized exactly to refine the 



hyperfine constants which are otherwise calculated using the 

. O 42 

perturbation expressions upto 3rd order in and A 

(iii) Fitting of SH Parameters 

Various methods for fitting of SH parameters are in \ise and 

32 

have been reviewed by Jain and Upreti , Special mention may be 

31 

made of two excellent fitting methods viz. Bhrin's method modi- 

32 43 

fied by Jain and Upreti and the method of Buclanaster et al 

44 45 

modified by Smith et al . McGavin et al have also developed 
an excellent fitting method which takes account of the noncoinci- 
dence of the axes of tensors and find its special application in 
the analysis and refinement of EPR single crystal data involving 
non coincident axes of tensors, Misra * has given a useful 
fitting procedure which has the additional advantage of involving 
the intensity operators in the exact analysis of EPR data. Since 
we have made use of the method of Jain and Upreti a brief outline 
of the method is given below. 

The first 2S terms of SH (for example 11-2,5) are retained 
and the SH is expressed in the following form : 

.. 2S 

)_ X.T. .. (11-2,6) 

i ^ ^ 

where S is the spin of the system, denote the SH parameters 

2 + 

and T^ the equivalent spin operators. For Mn ion S=5/2 and for 

— 0 9 

an orientation of H parallel to Z axis ^^X2=B- , X3=B| , 

' ^“®4 ®4 ^^®P®^<3ing on the suitability of convergence, 

2 4 

generally is found more s\iitable compared to B^) and * 

0 2 0 2 4/ 

T 2=02 , ^3“®2 ' ^4“^4 ^5~®4 ^4 "the previous 

choice of Xg ) . 



Initial estimates of parameters are made and are denoted 
by is=l to 2S), Then corresponding theoretical resonance 

fields are computed by brute force method mentioned earlier for 
= ± 1 transitions. These resonance fields are denoted by 
(Hj , j=l to 2S), The observed resonance fields be denoted by 
(H^ , k=l to 2S), Expansion or step fields are then calculated 
in the following manner : 



where M is a prechosen integer and 

= H J + and L=1,2,...M. 

Now the theoretical resonance fields are replaced by corresponding 
starting with L=l. With these and with X^ = X^°^ the SH 
matrix (11-2,6) is diagonalised and the wave function (eigenvec- 
tors) matrix C is constructed (C%: - -'^^diagonal^* With the 
eigenvalues (energy levels) = 1/2,,,2S+1) so determined a 

function P is constructed as : 

P = (lE^. - - hL>/p )2 .. (ij-2.7) 

Using the wavefunctions and the energy levels thus obtained, 
perturbation theory is then applied to construct a system of 
linear equations for corrections to the initial estimates of the 
parameters which may not be the correct parameters. The so called 
corrected parameters are denoted by X^^^ (L=l for the first step) 
and replaces the initial estimates X^*^^ for next step and satisfy 



the solution of the equation for the resonance fields (L=l), 

with the function F <£p, where is a sufficiently sniall pre— 
chosen number. To satisfy the inequality P^ 65* for each step L 
total nxamber n^^C >1) steps may be required. 

Now starting with the corrected parameters in step L=1 as 

new initial estimates for step L=2 the whole procediire for L=1 is 

( 2 ) 

repeated for L=2 and better values for initial estimates for 

next step L=3 are obtained. The process is repeated until the 
final step L=M is reached such that the corrected parameters are 
the best estimates for the SH parameters and satisfy the solution 
of the equation for the experimental resonance fields H9;j=l to 2S 
with the inequality F < ^P, 

Exact details of the method and the algorithm, from which 
computer programme can be written directly are given as an appendix 
at the end of the thesis. 


(iv) Method for S = 1/2 Ions 

2 - 4 - 2 + 

For S = 1/2 and I = 3/2 or 7/2 for exan^jle Cu , Co and 
VO^'*' the fine structure terms are dropped from the SH and it 
assumes the simpler form : 




+ 


<«x. '“5' 






I 


.. (II-2.7) 


In most of the cases the last two terms are found to be very small 

and may generally be dropped fron the spin Hamiltonian, Solution 

of (11-2,7) for general orientation of magnetic field using pert\ir- 
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bation method is given by Golding and can be used to obtain the 
resonance field values for an arbitrary direction of H, For axial 



symmetry the SH (11-2,7) is sometimes written in terms of more 

49 

customary symbols in the following form : 

3^ = g 2s H +i<i.g(SH + SH)+ASI + 3 (SI + SI) + 

^ij! zz'^j_xx yy 2z XX yy 

+ Q - Kl+l)'' +v ,1? 'll’.l - RI H - R, (H I + H I ) 

... 2 j ■ N • IV z z -i- X X y y 

.. (11-2.8) 

Bleany^® in his classic paper has obtained the expressions for the 

9 

resonance fields applying perturbation method and Low has given 

the expressions for resonance fields for both the allowed and the 

forbidden transitions. Extensive discussion of the perturbation 

12 4-8 

method and the above SH may be found in literature ' , For the 

analysis of Cu^"*" (S=l/2, 1=3/2) and VO^’*’ (s=l/2/ 1=7/2) EPR spectra 

9 

the expressions given by Low were used frequently. The parameters 
thus obtained were next refined by obtaining minimtim 

P (= (H^- H^)^) wher^ . Hq and are the experimentally 

observed and calculated resonance field values respectively and 
are ccmputed by the 'brute force ' method described earlier 
through the exact ntimerical diagonalisation of a SH matrix (8x8 

2-4“ O T 

for Cu and 16x16 for VO ) , Probably the best description of the 

general method for obtaining principal values of g- and A- tensors 

12 

is presented in the book by Poole and Parach 
(v) The Spectrxm of a Powder 

In powdered (polycrystalline) sartples the crystallites have 

— ■'■’ y 

random orientation with respect to the magnetic field H and the 
EPR spectrum will be a superposition of individual EPR spectra 

9 52 

typical to each crystallite orientation ' 


and in the resultant 



spectra, to a considerable extent, the details will be lost. There- 
fore the information extractable frc«n such spectra may be drasti- 
cally reduced. There have been several successful attenpts in 

52 53 

analysing the powder EPR spectra using ccxiputer techniques ' , 

The powder spectra though simpler to record essperimentally con^yared 
to single crystal spectra, pose enormous difficulty in their inter- 
pretation especially in cases of high effective spin and low 
symmetry. In fact only a very few reports of analysis of powder 
spectra for S = 5/2 are available. The main difficulty lies in 

the excessive corrputer time required to simulate s^lch spectra for 

52 52 

a particular guess of SH parameters . Veen has discussed the 
relationship between the EPR spectra of powders and those of single 
crystals and has obtained the well Joiown observation that the tur- 
ning points in the angular dependence of the resonance positions 
of the single crystal determine the peak positions in the corres— 

9 

ponding powder spectrum , Due to the above mentioned constraints 
we have limited our analysis of powder spectra only to a qualita- 
tive interpretation, 

(vi) Approximate Coirputational Z-lethods in the Treatment 
of Forbidden Transitions in EPR 

The forbidden hyperfine transitions were first observed by 
54 

Bleany and Ingram and the first satisfactory explanation for the 

positions and intensity of such transitions was given by Bleany 
55 

and Rubins . Since then the sxabject has attracted the attention 
of a large number of workers. In general the line positions are 
calculated by obtaining the corresponding energy values after 
solving the appropriate spin Hamiltonian using perturbation method. 



Depending on the requirements of the situation perturbation calcu- 
lations have been pushed to higher orders. The expressions for 
line positions for a field swept EPR experiment are available in 
literature^^”®® and will not be reproduced here. For identifica- 
tion of forbidden lines we have used the expression given ty 
Lupei et al^° which are correct to third order of perturbation and 
involve the general ang^ilar variation. The best way of calcula- 
ting the quadrupole interaction parameter for Mn^"^ is through the 
doublet separation of the forbidden hyperfine lines in the central 
fine structure group which becomes even more convenient if the 
difference between the doublet separations of the two outermost 
doublet pairs of the same order ( Am^ = ± 1 or ± 2....) is mea- 
sured^®, The latter method has been utilized to obtain the q\ia- 

2-f 

drupole interaction parameter 'Q' for Mn , 

The intensity of the forbidden hf transitions is tisually 
found to show large angular dependence. Various theoretical 
methods have been developed to explain the observed line intensi- 
ties. A review of these methods has recently been made by Mialhe. 
We will mention briefly these approximate methods and in some more 
detail the Bir-Lupei®^'®^ method v/hich has been used to explain 
the spectacular angular dependence of the intensity of hyperfine 
transitions for I4n^':RH^I in this thesis. 

(a) Perturbation theory: Bleany and Rubins^^ were the first to 
give a theoretical interpretation of the observed large anisotrcpic 
behaviour of line intensity observed in EPR. The method involves 
the use of perturbation theory to obtain eigenfunctions of the 



Hamiltonian and subsequent confutation of the transition- 
probabilities : 

2 

.. (II-2.9) 

But this method coulc only be used satisfactorily for small 
values of fine and hyperfine structure parameters and must not 
be used absusively much over the limit of its validity. However, 
in order to improve the theory other authors, have introduced 
higher orders of the perturbation, but for large D higher and 
higher orders have to be taken into account which are not easy to 
handle. 

C ^ 

(b) Effective field method: Bir developed an elegant method 
to obtain the transition probabilities, Bir‘s theory gives expre- 
ssions for the transition probabilities of the allowed and forbi- 
dden transitions in terms of the SH parameters and is applicable 
to the intermediate cases where the condition gpH >D »A still 
holds and the hyperfine interaction can be treated as a small 
perturbation. The method is based on the assuirption that the 
eigenfunction {U'v r*, * is separable into a pure electronic 
<«'mI a pure nuclear part j so that the transition pro- 

bability is the product of two factors - electronic transition 

probability and nuclear transition probability. Later Lupei 
6 n 

et al gave pertinent analytic expressions of the effective field 
method which allowed accxirate description of the line intensities 
even for .very large D values but still with IdI/Hq <1. This 
later method has been referred to as Bir-Lupei method in the 


W- , ^ T t I = 

M^mj , i^gmj 


I -.X ^ 3 ? j 'Y 
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literature ' , We have used this method to explain the angular 

variation of the intensity of the allowed and forbidden transiticxis 
of the =s 1/2^ ^ iMg = - 1 / 2 / transition in NH^IzMn^'*’. In the 

following we describe the Bir-Lupei method. 


The effective field created by the electrons at the nucleus 
is assumed to define the quantization axis rather than the applied 
magnetic field and the effective fields are obtained by averaging 
the hyperfine interaction on the exact electronic eigenfunctions 
(the eigenstates of the SH containing Zeeman and fine structure 
terms). Consequently the hyperfine interaction beccxnes equivalent 
to an affective nuclear" Zeeman interaction and can be represented 
as a prod\ict between the nuclear spin and effective magnetic field 
which will depend on the electronic state (m^CMg)) both in 
magnitude and direction. The nioclear eigenstates form a set of 
orthogonal vectors within the same electronic quanttim number i.e, 

St m’ but are not orthogonal to another set corresponding to 

O O 

M* / M„. The nuclear eigenvectors within two different M_ are 

O O O 

connected by the following relationship ; 


|m(M)> (G) >■(«')> ..(II-2.10) 


where d^^l (G) are the matrix elements of the rotation group G in 
the irreducible group representation, = Cos(^, ), 1^ and 

are the effective fields corresponding to states jm{M)^ and 
jm*(M’)^ , well knov/n functions^^ : 
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(i) 
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(I+m')l 

I^I+m)! 

(I-m* )j_ 
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m-m' 
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m+m 


(HA) 


(l-m‘) 

Y(H) 


(II-2.11) 



I-m* 

where Y(At ) 


'TsI-m* r I-m I-HO-, 

1(1- At) (l+At) J 


.. (11-2.12) 


A microwave magnetic fieldJLto the external magnetic field will 
induce transitions between states j , m^(M^)^ and the 
probability will be given by s 


"m . Mml 0< K ' 

s X S X 




c< 


s s X s ■ r s 


The composite probability for EPR transitions is thus the 

product of two probability factors. It can be shown that the 

second factor WL /,/■ \ which is equivalent to the modulus 

m^. , m ■ (M ) 

X S X s 

of the overlap integral is ; 


W 


“i(»s 


1 / » V t ^ 

(I) j 

Sxhi'^sO! = 



(II-2.14) 


The functions for I = 5/2 can be calculated from analytical 
expression (11-2,11) and their dependence on/tis shown in 
Pig. (II-5), The first factor of (II-2.13) for the central tran- 

O I 

sition =|l/2 )^ — ^ I Mg = -1/2} for Mn in axial synanetry can 

be shown to be equal to^f ' 


2 2 2 

« 2D^ , , - 

1 - ^in228 - ^ Ocos^S - 1) Sin^s^ 

^0 ■^"o “o .. (II-2.15) 
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The effective field H ® by definition is given by : 


..(II-2.16) 


where represents the part containing hyperfine terms in 

written in a reference frame v/here electronic Zeeman term is 


SH 


.K 


1 


-t S 


diagonal. The Cosine of the angle betvreen H and H may be 
calculated from : 








'■ • M I'l* ^ 
s s 


H . H 


.. (II-2.17) 


Writing the exact electronic wave functions as a combina— 

.0 


tion of strong field states jM in the form : 

I 3 « 

K> = ° ) °] 


, (II-2.18) 


where N is a normalizing factor and are the admixture coeffi- 


cients and can be computed by perturbation method, Lupei et al 
obtained following expression for jvji) : 
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+ -—(RJ ..(II-2.19) 
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where K? g^ = A^g^Cos^O + B^g^Sin^Q ; 9^ = 


g^ Cos^e + ^Sin^e ; 


“ M ^^s i^X^ ' ^4-“ ^ 
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Because the quantityAt has a strong dependence on orientation 0 

the functions P.'t .... i (M ) which are strongly dependent on will 
■ 's^ "s 

also be highly angular dependent. Finally, therefore, the transi- 
tion probability given by (II-2.13) shall be highly anisotropic 
mainly due to the nuclear part (II-.2,14) .because the electronic 


part is comparatively a smoother function of 8, The relative 
intensities of the two hf components belonging to the same groui 
are given by : 


M 

j s s 

m j-^m j 

M M* 

-P s s 
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^m-pmi M' ^ 

I I s s 

^m" m'*' M 


.. (II-2.20) 




(c) Intensity operator method: This method is of speciax 

when the zero field and the hf terms are conparable and a separe— 

tion of eigenfunctions into a nuclear and an electronic part 

(Bir's method) is not valid . The complete SH with electronic 

and nuclear spin operators is considered and the effective field 

at the nucleus is used by considering the actual quantization axes 
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of nuclear and electronic spin operators for deriving the eigen- 
function ^ = C j , mA , where C is a coupling operator^ 

'si '' 

and the transition probability is obtained as : 

”s ' “i) 

where is transposed conjugate of C. An intensity operator p 
may then be defined as : 

p= c\c 


M m^. 
s 1 


, M’m' 

si 


+ 

cs c 

X 


.. (II-2.21) 


( 11 - 2 , 22 ) 



order parameter at the transition temperature indicates a first 

65 

order transition , A comprehensive treatment of the subject has 
been given by Rao and Rao , Experimental investigations of SPT 
usually involve a systematic study of variable dependence of a 
parameter referred to as 'response-parameter'# and different 
variables may be chosen viz. hydrostatic pressure,, relative concen- 
trations in solid solutions, temperature and stress. The review 

6 6 

articles by Muller give a very useful discussion of the iirpor- 

tant results obtained for various crystals regarding SPT using 

EPR as a technique and covers all important works related to SPT 
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studies by EPR till 1971, Very recently Owens has reviewed the 
applications of EPR of transition ions as probes to study SPT, 

In addition to paramagnetic ions other defect centres e.g, radia- 
tion damage centres are also frequently used as probes to 
study SPT, 

C.2 CHOICE OP PROBE ION 

There are several ways in which EPR can be used in SPT 

studies. As the SPT involves a symmetry change, the effectiveness 

of an ion as a probe depends on its sensitivity towards symmetry 

changes (i.e, local crystalline field at the site) which are 

consequently reflected in the characteristic EPR spectrum. It has 

been found that 3d^ ions with S > 1/2 are the most suitable probe 

ions because of their greater sensitivity to the strength and 

65 

symmetry of the local crystal field . In the high spin case 
these ions have nondegenerate orbital grovind states and avoids the 



undesirable Jahn-Teller distortions. Moreover the long spin- 
lattice relaxation times of these ions (e.g, Mri ) in most of the 
lattices enable the observation of EPR over a wide range of 
temperature including temperature higher than RT enabling the 
investigation of high temperature SPTs. 

The second determining factor is of course the specific 
lattice under study. It is desirable that no distortion and no 
charge compensation be required when a probe ion is incorporated 
in the host lattice. However, it is not always possible to find 
a probe that matches the valency and the size of the ion being 
replaced. In some cases (e.g. Ferro or para magnetic crystals) 
intrinsic ions can be used to reflect intrinsic dynamical effects 
of the lattice in the EPR data. However, the underresolved EPR 
spectra of these systems limits the advantage and the useful infor- 
mations are usually provided through the line widths, which, may 
be sensitive to fluctuations of neighbouring ions. 

C.3 RESPONSE PARAMETERS FOR SPT BY EPR 

In general any feature of the EPR spectrum (viz. SH para- 
meters, line width, intensity, angular dependence of EPR spectrum 
etc . ) which can sense the changes occuring in a crystal when a 
structural transformation takes place can be used as an experimen- 
tal response parameter. As the discussion has been restricted to 
iron group ions, trapped free radicals as probes are not discussed 
here. Below we discuss in brief some of the experimental response 
parameters . 



C.4 USE OF SH PARA^^ETSRS 


(i) Zero Field Splitting Parameter (B^ = D) 

The ions whose zero field splitting is highly sensitive to 
and directly dependent on the symmetry and strength of crystalline 
field are most useful. Thus Cr is the obvious choice. The 
S-state ions and Fe^"*") , have also been used as probes. 

However, their interaction with the crystalline field is only 

25 3+ 3+ 2 + 

indirect , The D parameter for ions such as Cr , Fe and Mn 

has a functional dependence on temperature generally of the 

following form^^: 

D(T) = Dq + aT + >~ Bi Coth(lO A/2kT ) .. (II-3.1) 

where is its value at 0 K, the second term represents the 
effect of lattice expansion and the third term takes into account 
the coupling of the ion to the lattice vibrations. Any significant 
deviation from the normal functional dependence will indicate a 
struct\aral phase transformation as for exartple in 
Cr^'^tKCr ( 30 ^) 2 , 12 H 2 0®^, Mn^'‘":NH^ClI° and Cr^'^’rNH^Cl’^^. 

(ii) Line '-Jidth and Intensity 

Various causes are attributed to the line widths in 
EPR®“^^' life time broadening (homogenous), spin- 
lattice relaxation and spin-spin relaxation broadening (inhomoge- 
nous), broadening due to crystal imperfections and inhomogeniety 
of external magnetic field (inhomogenous) , As a result of various 
causes of broadening the line shapes in EPR are neither pure 



Gaussian nor pure Lorentzian but are a mixture of both/ generally 
with dominant Lorentzian character. Similarly the line intensi- 
ties also depend on a number of factors. The resonance line width 
and the intensity can manifest a structural phase transition 
through anomalous behaviour near the transition temperature. The 
line widths are sensitive to the fluctuations of the neighbours 
(nearest usually) , Such fluctuations can be evidenced in EPR data 
and has been exploited in many cases to manifest a SPT and to galn. 
an understanding about the role of neighbours in such SPT as for 
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example in Cr ^:KCr(S0^)2.12H20 and Mn ^:NH^C1 . 

The line intensity should also in principle manifest the 
fluctuations of nearest neighbours via spin lattice relaxation 
which is coupled to the lattice due to the modulation of ligand 
ion potentials at the paramagnetic ion because of their vibrations. 
The intensity of the resonance can also be affected by changes in 
the dielectric behaviour of the crystal. The intensity is obser- 
ved to be inversely proportional to dielectric constant and can be 
helpful in studying ferroelectric phase transitions which involve 
large dielectric changes, 

(iii) Line Shapes 

These studies have found great use in manifesting incommen- 
surate phase-transitions characteristic to the A 2 BX^ type ferro- 
electrics. The plane wave irKiommensurate modulation of the hypei>- 
fine interaction causes the hf structure to further split and each 
hf line shows a splitting in a normal to incommensurate phase 



transformation 
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, If a tilt of magnetic axes of paramagnetic ions 

24* 

occurs due to phase transition (for exarrple for IVin in trissar- 
cosine calci\am chloride ^the splitting of the lines may be due 
to site splitting and indicates an SPT. The tenperat'ure depen- 
dence of the tilt angle yields important information about the SPT 

(iv) g- values and Hyperfine Parameter 

9 2 + 

The 3d , ion (Cu ) has been widely used as a probe to 

2 + 

study SPT,_ It has S = 1/2 and I = 3/2 and the SH for Cu does 

2 + 

not contain any crystal field terms (D and E) , However for Cu 

in' octahedral symmetry with tetragonal distortion the principal 

'g-values and hyperfine constant depend on the particular -groxind 
8 

level as. determined by the crystal field splitting of the level 

corresponding to 3d configurations. These dependences are given 

in Table II-4, Thus if the SPT involves lowering of symmetry from 

axial _tQ rhombic the g-values and the hyperfine constants will 

reflect it in a two fold manner : (I) g„ / g__ and -A / A and 

(II) changes in their magnitudes due to different crystal field 

solittings. These effects are clearly evidenced in the EPR of 

Cu ion and have been successfully used in the detection of SPT 

in a variety of systems. Special mention may be made over here 

2+ 

of some studies of SPT in ammonium halides using .CU ion as probe 
and 

(v) Symmetry or Angular Behaviour of EPR Spectrum 

Because of the fact that the EPR spectrum should reflect 
the :(;rue symmetry of the crystalline field at the site of the 



paramagnetic ion/ any changes observed in the angular behavioxir 
of the EPR spectra may be taken as an evidence of SPT, When the 
symmetry of the crystalline field becomes lower than orthorhombic 
the effects of lower symmetry are evidenced in the angular beha- 
viour of the EPR spectra. 

(vi) Advantages and Disadvantages of EPR as Probe for SPT 

The advantage -.of this technique lies in the fact of high 
precision common to many EPR spectra and their sensitivity towards 
the changes in the host lattice under consideration. While in 
many cases of SPT, a behaviour which remains unnoticed by other 
techniques can be detected by EPR, as the probe ion is very sensi- 
tive to the local environment/ in other cases it may be sensitive 
to only one type of fluctuation and can thus help in discrimina- 
tion of the dynamical effects. When supplemented by other tech- 
niques, it furnishes a deeper insight into the dynamics associated 
with SPT, Although the value of the EPR technique to probe SPT is 
well established nov/, there are certain limitations to its applica- 
bility. The restrictions on selecting a lattice and a sensitive 
ion probe suitable to it, are the greatest handicaps to the uni- 
versal applicability of this technique. Moreover the presence of 
impurity ions as probe may have its own effects on the nature of 
SPT, In fact in many cases transition temperatures are fovind to 
be affected by the presence of defects and impurity ions in the 
pure lattice. However, for sufficiently low concentrations it is 
expected that these will not affect the nature and dynamics of the 
phase transition in any appreciable way. 



SECTION-D 


CRYSTAL STRUCTURE OP ISIH^X (X = Cl^ Br and I) 

Ammonium halidss have been reported to undergo various 

84-95 

polymorphic phase transitions at different temperatures . 
Ammonium Iodide (NH^I) lattice has been reported to exist in 
three arrangements viz. UaCl-type, CsCl-type and a nearly 
CsCl-type PH^I-arrangement®^^ in different intervals of tempe- 
rature. We will refer to the first arrangement as phase I, to 
second as phase II and to the last as phase III. VJhile NH^Cl 
and NH^I are known to show two structural phase transitions each 

at different temperatures lIH^Br is known to show an additional 

84 91 

third structural phase transition ' and the structxire below 
this third phase-transition at low temperature will be referred 
to as phase IV of NH^Br. Based on the data available in litera- 
ture a s\irranary of these polymorphic phase transformations for 
ammonium halides has been given in Table II-5. NH^P has a 
different structure (Zincite, st high temperature than 

other ammonixam halides (NaCl, Pm3m) and is therefore not included 
with other ammonium halides. These halides undergo polymorphic 
phase transitions with hydrostatic pressure and strain also but 
we will confine the present discussion only to thermal phase 
transitions at atmospheric pressure. All the halides under 
consideration have a common structure at high temperatures 
(NaCl-Pm3m) and the lower temperature phases are all based on 


CsCl structure. The transition temperatures follow the order 

86 

of H-bond strength (Cl > Br >1) and the order of anionic 




radii in reverse order (I > Br > Cl), On the basis of neutron 

84 87 88 

diffraction results and suppoirted by many other studies ' ' 

it is now well established that ions in phase I (referred to 

as in Table II-5) undergo complex rotations about one strong 

H-bond like N-H, ,,X (X = Cl, Br, I) and since this N-H,,,X bond 

direction can be one from among the six octahedral bond directions, 

the structure is highly disordered , Some of the experimental 

data can also be fitted with a model involving static disorder 

84 

around the strong N-H, . .X bond as an alternative to rotation 
In Fig, II-6 various models for the disorder in phase I of 

NH^X are shown. The phases II (referred to as jB iri Table II-5) 
are doubly disordered with respect to NH^'*’ orientation, because 
of two possible choices of a set of tetrahedral arrangement of 
ions to which H-bonds can be formed (Fig, II-7)', The two 
orientations are energetically ecjuivalent and are occupied randomly. 

Phase III of NH^Cl is different from phases III (referred 
to as^ in Table II-5 ) of NH^I and NH^Br. In phase III of NH^Cl 
(referred to as in Table II-5) NH^"*" assumes ordered orientation 
(ferro-distortive) in which all of the NH^'*’ ions assume parallel 
orientation and each Cl accepts four H-bonds tetrahedrally 
(Fig. II-7), Phase IV of NH^Br is equivalent,^'§j^ phase III of 
NH^Cl, Phases III of NH^Br and NH^I are similar and the NH^"^ ion's 
are ordered parallel to C-axis, while NH^ ions are ordered anti- 
parallel in the ab plane (antiferrodistortive order) , A small 
distortion along one of the c\ibic symmetry axes (CsCl - phase II) 
causes the structure in phase III to be tetragonal with two 



molecules per unit cell (Z = 2). These phases III of NH^I and 
NH^Br have been referred to as p in Table II-5 and in Pig. IV-8, 
wherein the representations of orientations in and ^ phases 

are shown. 

It is interesting to note that both t^^Br and NH^Cl are 
found to exist in their stable forms 3 -phase while 

NH^I exists in the -phase around this temperature. The arrange- 
ment of cations and l” anions in a three dimensional lattice 

representing C)( -phase ( NaCl -arrangement ) is shown in Pig. II-9, 

It may be noted here that the tetragonal distortion in phase ^ 
from the CsCl arrangement of phase is only slight and both NH^I 
and NH^Br are nearly cubic (CsCl) in structure in ^ -phase. 

Because the displacements of halide ions(^ -phase )from their 
corresponding positions in a unit cell in ,^-phase are found to 
be '^,04 and 0,12 £ respectively for the iodide and bromide^^ which 

are within the rms artplitudes of thermal vibrations of the halide 
93 

ions 

The theory of phase transitions in ammonium halides and 
the nature of various interactions responsible for the phase 

96 9^ 

transitions has been worked out and discussed by many workers ' 

The transition 0( has been reported to be of first order and 

90 

is accompanied by a large thermal hysteresis , The transforma- 
tion Il/‘* ^ — — Jf^is of higher order and is usually referred to as 
-transition. These -transitions are common to all the three 
halides under consideration and are believed to be due to the 
onset of NH^ rotation . The -transition is usually attributed 



to an order-disorder change in orientation^ though a teirpe- 

rature dependent one dimensional free rotation as a cause of 

' QQ 

—transition has also been suggested in the case of NH^I . Prom 

a correlation of the physical properties with the structure/ 

possible antiferroelectricity in the -phase of NH^Br and NH^I 

99 

has been predicted by Sonin , The room ten^erature of is 

NaCl-type (Pm3m) and transfoms to the CsCl-structure (Pm3m) at 
about 257K, The -transition in is mostly reported to be 

around 231K, It is interesting to note the stability range of 
^ -phase in is narrow ( '‘.'26K) ccsnpared to that in the other 

two halides. In Pig. II-7 the mechanism and the reshuffling of 
atomic arrangements are shown for NaCl (o {)< — CsCl (^) trans- 
formation for NH^I, 

It is worthwhile to mention here that the transition tempe- 
ratures for NH^I reported in literatxare based on the experimental 
data of various studies have been conflicting (Table II-6) . The 
transformation 0\t — /]?> depends on the thermal processing of the 
sample and it has been found that the (X. -phase can be supercooled 
to various degrees/ dpending on the thermal process and the situa- 
tion is similar for superheating of -phase. The thin film 
studies of NH^I on LiP substrate by optical absorption^.*^^ revealed 

supercooling of phase down to LNT and any phase transformation 

104 

was absent in this case. Dielectric measurements have been 

reported to show phase transitions at T^ = 260K and 

T2'^/'229K (/^-transition) while such studies by Bridgman and 
1 05 

Simon indicated T^ = 256K and 259K respectively. Crenshaw and 



Ritter reported the ■^-transition to occur at 2 31K while 

1 0 7 103 

Guillien reported its occurence at A/ 245K. Preymann 

reported r-'j 2 39K in a cooling cycle and ry 268K in a heating 

cycle and no -transition. In X-irradiated sarrples which con- 
tained colour centres these transitions have been reported to 
occur at tempera tuxes different from those in pure- san^jles. 

All these reports indicate that lattice is very- 

sensitive and due care must be taken while handling and inter- 
preting any e3{perimental data on this lattice. While the 
}[ -transition has been found to occur rather rarely and to be 

too sluggish the transition has been often reported 

92 93 loo 113 

to take place over a wide range of temperature * ' * and 

the composition of the mixed phase (containing both B phases) 

92 93 100 

largely depends on the thermal processing of the sarrple * * . 

The structure of has been studied extensively by 

Hovi et a]_®9,112,113,114 three phases and the lattice 

112 

parameters in the range 463K to 97K have been determined , On 
the basis of these lattice parameters it has been found that the 
^ -phase is a slight tetragonal distortion of the cubic phase 
- (CsCl) , 
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parameters for crystalline fields of different symmetry and ions and 
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rO W 

•H 0) 
CQ 0 
CQ r-l 

o m 



(*Symmetry under inversion, or under reflection of axes in a plane). 



TABLE II. 2 


The Transformation Relations of Spin-Hamiltonian 
Parameters for Axis Systems / S 2 and S 2 . 


rimed Axis 


SHP System Axis System S^ Axis System So 

Si. 


o' 

2 

= 




2' 

'2 
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®2 

2 (3B2“B2 '> 

- I‘®^3B°) 

,o' 

■4 
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|(3bJ+b2+bJ) 

|(3bJ-b|+b^) 

2* 

'4 
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B 4 

~ |(5BX-Bt) 

|(5B°-b2-bJ) 



®4 

|{35bJ-7b2+bJ) 
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- T5(5b|+b2+B^-b|) 
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,2' 

‘6 
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b| 

|^(105B°+17Bg+5Bg+15Bg) •- 

|j(105B®-17Bg+5Bg+15B|) 

4' 

4 
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B^ 

®4 

^(-63Bg-3Bg+13Bg+3Bg) 

^(-63B°+3Bg+l3Bj+3B|) 

, 6 ' 

'6 

=: 

d6 

■ k'“lBg-33B|+llB^+B^) 

|2-(231Bg+33Bg+llBg+B|) 
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^22 

^33 

^22 


V^22 

^33 

^11 

^33 

= 

^x=^33 

^11 

^22 

;i) 

For pure 

and all 

axial symmetry : 
eP = 0 for m > 0 , 

; g^=gy=g2yg3fgx 


^ii) For tetragonal symmetry : 0 and other parameters are 


same as for pure axial symmetry. 





TABLE 11,3 


Relations between units of measxarements used in radiospectroscopy. 


Unit 

Erg 


Hz 


G (Gauss) 

Erg 

X 1 

X 

1/h 

X 1/hc 

X l/g|^ 

Hz 

X he 

X 

1 

X 1/c 

X h/gj3 

Cm“^ 

X he 

X 

c 

X 1 

X hc/gj2> 

Gauss 

X g^ 

X 

gp A 

X g |» /he 

X 1 


Relative order < 

Df values 

in different 

units 


o 

1 


KG 

GHz 

10"^Cm"^ 

1 


1.07x10"^ 

0.003 

kG 

933.5 


1 


2.8 





(with g=2) 

GHz 

333 


0.357 

1 




(with 

. g=2) 



Deriving relations and physical constants 

h(erg.S) xV (S~^) = g xp (erg-G“^) x H(G) 
h = 6.62554 E-27 (erg S) 
ft = 9.27314 E~21 (erg G"^) 

c = 2.997925 E + 10 On Q-'3.0 E + 10 Cm S"^ 




Tablb ir.4 

Formulae for ground state of d* in octahedral field with tetragonal 

distortion 


(fc) Oround »taU |2*>, wiik UeofM apin degeneracy. The aUim i~) mn 

l+> - |2*. +>-- 12-, +>- l-I, ~> 

Ao V {»)Ai 


|~^«|2*, ->+-^|2*, -->+'^-^2)A, 


<'11 '--2- a: 


•'ll A, 

« 2A 

ifi. - 2~s; 


2>=-4j_ - 2fl(a/?/5a<»-»>{-K+ 


P,, 

The orbitat states |2*>, |2«>, j +1>, |— 1>, jo> are those shown in FigJl.^ 
A« is thf. energy by which |2*> lies above |2*>, and Ai tlie energy by whioh the 
|±1) filiates lie above |2*)- 

(b) $kti§ jO), wUh twofold 9pin dtsgthmracjfe The states }+)# are 

j+> « jo, +> - V(|)lj+1, -> 

l~)«|o,~>-V{t 4 {-»»+> 

4A|| 

8-8-2 

« 

- 2-^^ 

A-il„ - 2y./i/Sa<r-»>{-K+|+ ||J 

Aa is the eneigy by which the j ± |> states- lie above |0>. 



Lattice type NaCl CsCl PH^I (Tetragonal) CsCl 

^^4^ Multiply Doubly Anti-parallel Parallel 

tion Disordered Disordered Ordering Ordering 

space Group c4(P^3^) I>Ih <^Vnmn,> <^ni3m> 
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TABLE II. 6 


A seleQ,^g(j smnmary of some reported transition temperatiires of 


Transi'tj_Qn Temp. Physical i>lethod 

T^=:256ic X-ray diffrac- 

NaCl-^CsCl "fc^ion 


T^-257k; CsCl^^-NaCl Specific heat 
^ 2 = 2311 ^ Ttgl 


T^=202k: 

NaCl csCl 


Cross relaxa- 
tion time 


T^-243jr Neutron 

NaCl„.^CsCi scattering 

T^=278k 

CsCl T^NaCl 


T^ betvoen 273 Lialatomstric 

and 195K 
NaCl . csCl 

No UY reflec- 

tivity 


T^=247k 

T2=22ik 

T^=255.4K 


Dielectric 


Dialatometric 


Remark Reference 


The super cooling 95,112, 
increases with 114 
decreasing 
particle size 

NaCl phase could 87 

not be supercooled 
below 20 OK. No 
A -transition 
oc cured 

The transition 93 

temperature 
depended on the 
thermal proce- 
ssing (rate of 
cooling/heating 
and nuTiber of 
repeated cycles 

The transition temp. , aOO 
T- depended on rate 
of cooling/heating. 

Mixed phase (NaCl+ 

CsCl) was evidenced 
on crossing the tran- 
sition temp, both ways. 

No -transition was 
observed. 

It was necessary to 102 
keep sample at 195K 
for months to trans- 
form completely into 
CsCl phase, 

NH 4 I thin film on LiP 103 
substrate, no phase 
transition occured 
up to LNT 

Dielectric measure— 104 

ments on X-irradiated 
crystals 

No /'I -transition 105 

occured (Bridgeman) 


Contd 


TABLE 11,6 (Contd. ) 


Transition Temp. 

Physical Method 

Remark Reference ■ 

T^ =244K ' 

Dielectric 

A peak in dielectric 107 

constant around 244K 
was attributed to the 
-transition no other 
transition was observed 

T^=239K;T^=268K 
I<— II 

Dielectric 

No A -transition was 
observed 

108 

T- between 273 
and 257K 
NaCl<-^CsCl 

Electrical 
c onductivity 

The phase transfoirma- 110 

tion CsCl — > Tetragonal 
developed rarely. 

Tj between 233 & 

203K 

(CsCl<5r->Tetragonal ) 



T- between 255 
afid259K 

X-ray (powder) 

Coexistence of NaCl 

Sc CsCl phases was 
observed. Supercoo- 
ling decreased with 
increasing particle 
size. 

1113 

T^=260,5K 

Specific heat 

No/i -transition 
oc cured 

114 ! 

T^=261K 

Specific heat 

No /\ -transition 
was observed 

115 1 

T^=260K 

Specific heat 

No A -transition 
oc cured 

116 1 

T- between 

255 & 261K 

Lattice 

parameters 


117 ' 

i 

T-=253K to 
^ 259K 

Thermal 

analysis 

Moisture affected the 
transition ten|)erature 

118 [ 

f 

f 

T2=231K 

Differential 
thermal 
analysis ( dta) 

-transition 
iU^ove j striacture is 
regular and below 
tetragonal 

120 1 

1 

i 

[ 

1 

T^ 'V 260K 

T 2 a; 229K 

Dielectric 

Two maxima in dielec- 
tric constant were 
observed at different 
cooling and heating 
measurements 

121 1 

1 

T2= 231K 

DTA 

^t ra ns i t i on 

119 1 


T- =256K 
T^=115K 


Tl-luminescence 


T.Ai256K 

NaCl^-^CsCl 
T 'b2HK 

CsCl<-^PH^I (tetrg. ) 


Based on the 
literature siarvey 


No phase transition 
around 23lK(/i -tran- 
sition) . At 115K a 
new phase transition 
is reported. 

The most referred 
transition tenps, 
are taJcen as 
T]_ and T 2 . 


122 I 
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84-86, 
89,90 [ 
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IX *3 Patterns of tli« iron croup ions BPRspe^n. 

Ti»*; 5 M l/2;25 — 1—* single fine structure line (fs); Ti**(/ ■■ C); Ti*’ (7.75%) / 
5/2; Ti*»(5.5%> /- 7/2; V*+ (</‘): 5-2/2; V« (100%) /- 7/2; 2/ + 1 - S-elglit 
lines of hyperfiae structure (hfs). Cr*** (<f*): $ — 3/2; 25 — 3<— three fine structure lines 
(fs); Cr” (S>.5%) I — 3/2>~«part from the even isotope central line each one of three 
fS’Sines is split into four weak hfs line*, of which two are overiapped by the central lini 
and two are seen in the fonn of weak sateKites. Mn’*^ (d*): 5 — 5/2; 25 — 5~-five fs lines; 
.vSn»’ (100%) / - ^/2; 2/ + 2 - 6— six hfs lines. («/»>: 5 - 5/2; 25 - 5— five f| 
tinee, Fe** (rf^; 5 — 2; 25 — a—four fs tines. Co*^ (d’); 5 - 3/2; 25 — 3~>thsee fs lines; 
Co»*(100%) / - 7/2— eight hfs lines. Hi** (d*); 5 - I ; two fs lines. Cu** (d»): 5 - 1/2- 
one fi Jine; Cu" (<58.9%) / - 3/2; Cu*» (31.3%) / - 3/2— two series with four part’ally 
overlapping hfs lines in each one of them 








•Kt«‘ay ‘I* »no. iToi* *» S ‘ca iA e. oryiHUu field ^ «*s«hedml 
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CsCl structure 
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NaCl to C«Cl »tructuro in a*iviiionlW haliaes* 

(c) Two pojialbla orientations ot MH4. in phase II U / 
of «.mroonium h«ii<ies. 
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(c) 

lepreientatton of t^ie tw ; cnerg«t>cel;y ccuivutent 
orientation* of the aimmonium tetrahetira in the diiordered 
phaiei of the ammonium halides. One o'* the cubie axes 5 s per* 
pendicular to the page. Large circSet represent the halogen ions 
and smal] circles represent the nitrogen of the ammonium ions. 
The nitrogen position is at the body centre of a cube of halogen 
ions. Lines drawn through the nitrogen represent the hydrogen* 
hydrogen vector for the hydrogen atoms above the plane of the 
nitrogen. Dotted lines indicate a dynamic disorder between the 
two equally probable orientations. 

(b) A representation of the ferrodistortive order of the am- 
monium ions in the CsCl phase of NIUCI and ND4CL The soi* 
id lines represent the energetically favoured orientation of the 
ammonium ion. One of the cube axes is perpendicular to the 
pai',c. 

. (c) A representation of the unthferrodistortive order in the 
tetragonal phases of NIUllr, ND4Br, Nl^l and Nl>4l. The tet* 
ragonal axis is perpendicular to the page, and the syinbolt are 
the same as tliuse used in parts (a) and (b). AH ammonium 4 ons 
in the column paraiiei to the tetragonal axis tiuve the same or* 
ientation as the ion of the column shown. 
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CHAPTER III 


EXPERIMENTAL 


Abstract; A brief description of the experimental 
set up used in the EPR study - a Varian E-line X-band 
EPR spectrometer (Model E-10"?)# a continuous flow 
cryostat, a variable teirperature controller (Varian 
model E-257/WL-257) / a two axis crystal rotating device 
and a Gaussmeter (Varian model E-500) - is presented. 
The techniques used for growing good quality single 
crystals of ammonim halides doped with paramagnetic 
impurities are described. 
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III.IEPR SPECTROMETER^ 

EPR spectra were recorded on a Varian E-line Century 
Series spectrometer models E-109 and E-112t The E-109 spec- 
trometer operates at X-band frequency (8.8 - 9,3 GHz), The 
experiments on E-112 spectrometer were carried out at Q-band 
frequency ('V 35 GHz) . All the EPR spectra have been recorded 
with 100 kHz field modulation. The maximm calibrated power 
available with these spectrometers is 200 mW and even higher 
power levels (uncalibrated) may be obtained if desired. The 
recording of EPR spectra both in absorption or dispersion 
modes is possible and the first or second derivative of 
absorption signal can be recorded. Through out this thesis 
the recorded spectra are the conventional first derivative- 
of absorption signal. Various scan ranges (200 mG to 20 3cG) 
with various scanning rates (1/2 minute to 16 hoiurs) are 
available and can be used as the situation warrants. The 

modulation field amplitude depends on the typo of cavity 

, ♦ 

in use and ranges typically from 5 mG upto 40 mG with B-231 

rectangular (A/ 9 GHz - from 5 mG upto 15 G for 

E-266 (35 Oizr-TE^j^j^) cavity at lOO kHz field modulation. The 

E-266 cavity (unloaded Q 7,000) is a cylindrical, tunable' 

cavity which can be ad^iu^ed with the sample inserted allowing 
ei^gperim^nts on E-lli EPR spectrometer at Q-band were ' ^ 

.‘cari^iQd out at RSIC, Indian Institute of Technology, Madras, 


India. 
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the c^jejr’at.ioh at a fixed microwave frequency. This cavity 
permits sstigple tube sizes upto 3 mm outer-diameter and the 
angular variation study of the EPR spectra is possible by 
rotating the magnet about the axis of the cavity. 

With E-109 EPR spectrometer a Varian rectangular cavity 
E-2 31 which operates in model with unloaded Q more 

than 7,000 and which permits sample-tiibe-sizes upto 11 mm 
outer-diameter has been used through-out in the experiments 
at X-band frequencies. The 11 mm sample access permits use 
of wide variety of accessories such as variable terrperatxire 
equipment, liquid nitrogen dewar etc. and also allows the 
use of relatively bulky sample holders and samples in the 
cavity. The modulation amplitude usually has been kept small 
around ^ Gauss (G) peak to peak (p-p). For most of the normal' 
EPR recording a power level of a/ 2 mW has usually been found 
adequate to give good signal height at normal gain levels of 

3 

1x10, The field stability of these spectrometers after sta- 
bilization is of the order of 10 ppm with terrperatxire coeffi- 
cient of 2 ppm/C° between 3 _KG and 15 KG, The S/N ratio with 
E-231 cavity at 100 kHz modulation is equal to 180 (Of 3,75x10^^ 
X AH spins ) • The schematic diagram of the EPR spectrometer 
E-109 is shown in Pig, III-l, 

Eli, 2 FIELD CALIBRATION 

Initially the' magnetic field was calibrated with the 
help of a Varian model F-SA proton resonance fluxmeter and a 
SyatfamJJC model 701 Frequency Counter-timer. A small spocok’ 



of DPPH (g = 2*0036(XOglued to the sartples was used to give 
a reference field marker. But later on the magnetic field 
was calibrated with more accurate Varian model E-500 Gauss- 
meter which became available afterwards. The E-500 NMR 
Gaussmeter provided an accurate, convenient and reliable 
method of field measurements with the help of a small in- 
cavity probe and, a built-in display. The tmit provides a 
choice of manual or automatic search for the magnetic field 
with continuous tracking in auto mode. A small accessory 
probe allows magnetic field measurements directly at the 
sample. A marker display cable can relay marker on the 
EPR spectrometer console recorder and can display the NMR 
resonance directly on the spectrometer's oscilloscope. The 
field measurement accuracy is (10 mG + 2 ppm) and the field 

3 

marker accuracy is 1 part in 10 . 

III.3 SAMPLE HOLDER AND ANGULAR VARIATION 

For initial studies with single crystals it is 
required to know the crystal field axes (X, Y, Z) as defined 
in the chapter II, For this purpose a two axis goniometer 
was designed and fabricated (Fig, III-2) which provides a 

possibility of rotation of the magnetic field in any desi- 

) 

red plane of the crystal. The axes X, Y and Z were deter- 
mined employing the following method, ^ The ciirstal was rota- 
ted first independently about a horizontal and a veartical 

axis and a particular orientation was searched where the 

> 

^pre^d of the fine structure' was maximum. ThuS' knowirjg 



on@ direction of maximal spread in fine structure* th^ other 
two directions of extremum in fine structure spread were sear- 
ched in a plane normal to the first direction of maximal spread. 
The directions are referred to as Z* Y and X in order of maximal 
spread (Chapter II), 

Once the axes are known the crystal can be- cut or the 
mounting end of the quartz sample holder can be cut to facili- 
tate the angular rotation of the crystal about a desired direc- 
tion, The Varian model E-229 Goniometer (Sample Rotator) per- 
mits an accurate rotation of sanples in steps of 1/2^^, The 
Goniometer E-229 is designed to be conpatible with variable 
temperature accessory. The initial alignment of the crystals 
were made using the growth planes of the crystals and then it 
was possible to align the crystal quite accurately through the 
observation of the characteristic spectrum. For rotation of 
NH^I and NH^Br as- grown crystals about [110] as vertical axis 
a 45° cut was made at the mounting end of quartz rod and the 
crystal wds glued with one of the growth planes to the cut, 

♦ 

III, 4 VARIABLE TEMPERATURE ACCESSORY 


The Varian model E-257/WL-257 variable tenperatxare 
accessory automatically controls the sample temperature 
within the range of 573K to 88K, The accessory provides a 
means to maintain the desired sanple tenperature for a sus- 
tained length of time with an accuracy of better than 1°K, 

The accessory consists of a dewar insert for the cavity heater 



sensor assembly, electronic temperature control unit, transfer 
dewar, heat exchanger coil, liquid nitrogen storage dewar, 
associated mounting hardware and a source of dry nitrogen 
capable of supplying dry N 2 flow upto 40 c\lbic feet per hour. 

The schematic diagram of the assembly is given in Pig. III-3. 

For attaining the teirperature of 77K a quartz dewar compatible 
with E-231 cavity, .provided with a cold finger was used. In 
this arrangement liquid nitrogen cools a copper paddle whose 
tip is in thermal contact with the sample inside the cavity. 

The piatping of nitrogen vapours frcxn the dewar permits the 

edoling of the sanple down to 77K and some times even lower, 

\ 

The actual, tenperature at the sample was measured with the 
holp' of a potentiometer using a copper constantant thermocouple 
at the sample. The over all accuracy of the measured 
tiWBi^jrature is 0.5 K, The temperature stability at the sanple 
. found .to be within ± 0,5 K, after stabilization). The time 
squired to accomplish a 100 K change in sample temperature 
was found to be about 15 minutes. 

Cl I, 5 CRYSTAL GROWTH 

The crystals of were grown from aqueous solution. 

The normal procedure of growing crystals from solution by 

natural evaporation at constant temperature failed in this 

case. It is well known that properly selected chemical addi- 

2 

tives aid in the growth of flawless crystals , For ammonium 

halides some of such reported additives (some times called as 

• 3 

habit modifier or flux) are chemicals like urea, pectin, borax# 



2 2*1“ 3^* 3 * 

glycine, and ions like Mn , Cr , Pe , etc. Urea has been 

3-7 

found to be a safe additive for NH^Cl and NH^Br , which very 
effectively prevents dendritic growth and results into nice 
crystals of cubic shape. Urea is also used to stimulate ciibic 
growth of NH^I crystals from aqueous solution but often only 
small crystals could be grown. 

The suitable growth conditions for growing nice crys- 
tals with perfect faces suitable for EPR studies were obtained 
through judicious study of the effects of growth temperat'ure, 
amount of additive, pH of mother liquor and evaporation rate. 

It was observed that if the mother liquor is kept at constant 
temperature but unprotected from light the subsequent evapora- 
tion of supersaturated solution does not yield good quality 
crystals. This was because, the liberated iodine due to photo- 
deconposition of NH^I turned the colour of the mother licfuor 
to dark violet and prevented the growth of good quality crys- 
tals. It was found that protection of the mother liquor from 
exposure to light resulted in good quality crystals. Thus- all 
the crystals were grown in complete darkness in a temperature 
controlled (± ,5 K) chamber. By adding urea (/vlO percent by 
weight) and keeping the evaporation rate very slow, the above 
process successfully resulted in growth of excellent cubic 
crystals of good size (upto 1 cm ) over a period of two months. 
The evaporation rate was controlled by placing a coverslip with 
adjustable exit hole and by placing’ the growth solution in a 
ten^erature controlled chamber over concentrated H 2 S 0 ^, Large 
single' crystals were grown by suspending a small seed crystal 



in satxirated mother liquor and by carefully controlled evapo- 
ration. The X-ray# IR and Raman analysis showed that urea 
did not contaminate the grown crystals. 

For EPR experiments paramagnetic impurity doped crystals 
are required. We tried the incorporation of various ions viz, 
Co^‘‘‘# Ni^"^# Cu^"^# Mn^”^# Fe^'*’# Cr^'*’ and Gd^'^’ by dissolving 

small amounts (.01 to 2 percent by weight.) of the correspon- 
ding halide in the mother liquor. Although growth of good 
quality crystals in all the cases was possible over a wide 
range of growth terrperature (260 K to 350 K) but the incorpo- 
ration of ions in the crystals was found to be selective and 
growth temperature dependent. The incorporation of ions was 
tested by observing EPR signal over tho available terrperat'ure 
range in our laboratory (573 K to 77 K) , The incorporation of 

24 - 24 - 24 " 

Cu # VO / and Mn was confirmed even at room teirperature 
while no EPR signal could be observed from the crystals doped 
with tho remaining inpurity ions from room tenperature down 
to LNT, 

The trivalont Cr^"^ ion has been found to be incorpo- 

3 

rated with difficulty in NH^Cl . It could be incorporated 
only at elevated growth tonperatures {nj363 K) and by adding 
rathor large quantity (upto 50% CrCl^ by weight) of corres- 
ponding halide to the growth solution. We also tried the 

3+ 

incorporation of Cr in NH^I by adding large amount of 
CrCl 2 . 6 H 20 (upto 50% by weight) to the growth solution and 
using different growth tonperatures (upto 363 K) . The process 



resulted in nice cxabic crystals even without urea as growth 

aid but no detectable traces of Cr^'*' were found through EPR 

3+ 

down to LNT, Although Cr could not be incorporated but 

3+ 

the results indicated use of Cr ions as an alternative 

2 + 

growth aid. Therefore, crystals containing Cu were also 

grown from solutions to which CrCl 2 » 6 H 20 was added as 

growth aid. The evaporation rate was kept very low such that 

it took about 3 months to grow sufficiently big crystals at 

300 K, The presence of small quantity of CrCl^ along with 

urea in growth solutions which contained /v 0.5% CUCI 2 . 2 H 2 O 

by weight was found suitable for the homogeneous incorpora- 
2 + 

tion of Cu in the crystals. 

24 * 

To incorporate VO either VOCI 2 or VOSO^ (hydrate) 

was added in small amount (1 to 0.5% by weight) while for 
2 + 

Mn incorporation^ Mnl 2 was added in proportions ranging 

from .01 to 1% by weight with urea as additive. The , as-grown 
crystals showed development of perfect ( 100 ) faces of cubic 
crystal, irrespective of the ion being incorporated. All the 
crystals showed perfecc cleavage planes parallel to ( 100 ) i.e. 
the faces of tho as grown crystals. Therefore big crystals 

could easily be cut into small cubes to suit the requirement, 

24- 3 

The size of tho crystals grown with Cu -was small (^3 mm ) 

■ 2 + 2 + 

compared to the size of crystals grown with Mn or VO 

3 24- 

(Aj 6 mm ), The single crystals containing Mn iirpurity were 

* 2 + 

transparent and colourless, those with Cu inpurity were 
transparent but light blue in colour and those with VO 



impurity were transparent and light bluish green. The X-ray, 

IR and Raman analysis at room terrperature showed that the 
incorporation of ions has not modified the lattice. The 
crystals recovered from growth solution were washed with 
carbon tetra-chloride, vacuum dried in dark, and were stored in 
dark desci'cator to avoid any possibility of photo-decomposition. 

The crystals of NH^Br doped with Mn^'*’ and VO^'*’ were 
■ grown from aqueous solution containing small amount of the 
corresponding bromide by slow evaporation at a tenperature 
of 300 K and with urea (hi 10% by weight) as habit modifier, 

3 

’Small crystals (hi 3 mm ) recovered from the solution were 
."washed with carbon tetrachloride, vacuum dried and were stored 

L 2+ 

;in dark descicator. Crystals doped with Mn were colourless 

24 - 

l^while those doped with VO were light brown to coloxurless, 

(The faces of the as-grown crystjals were identified to be (lOO) 
.planes. 

All the chemicals used were analytical grade reagents • 
and were mostly obtained from Pishcr Sci* Conpany, USA. 
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CHAPTER IV 


EPR STUDY OP IONS DOPED IN NH^I SINGLE CRYSTALS* 

2 + 

Abstract ; Results of EPR study of Mn dqped in NH^I single 

crystals are given in this chapter. The RT study at Q-band 

2 + 

revealed only one type of Mn centre with three distinct 

orientations of crystal field axes. The crystal field has 

an axial syrranetry with very large tetragonal distortion. 

The D parameter is found to be very large (JD\ ** 1612 G) and 

g-values are found to be close to free ion value. The and 

A tensors are almost isotropic. Due to very large value of 

D-parameter the hyperfine structure was very anisotropic. 

The intensity of allowed and forbidden hf transitions of the 

central group ■^) is explained using Bir-Lupei method. 

The EPR study at X-band was carried out over the tenperatur© 

range 573 to 77K, Due to the very large value of D-paramet^ir 

many unusxial featxires were observed in th® X-band spectra. At 

elevated tenperatures •(■'V 47 3K) a single isotropic sextet is 

2 + 

observed. Expulsion of Fua iirpurity by NH^I lattice took 

# 

place at tenperatures above 500K, The tenperature variation 
of D-parameter showed an anomaly around Ay 2S0K and is attributed 
to the structural phase transformation. The spectra at I»NT 
indicated the presence of more than one type of Mn^"^ centres, 

Th© g and A parameters were found to be almost tenperature 

*Part of the contents (RT-study) of this chapter has been 
accepted for piabliaetxon in Chero, Rhys, (in Press )■, 

•j S, 5330*59 36 CMSsj 



ind^endent, !I!he temperature variation of line widths showed 
an anomalous behaviour around the transition ten^erature (nj 250K) 
The temperature variation of D-parameter and line widths was 
accompanied by a large hysteresis which depended on thermal 
processing of the samples. The cause of large thermal hysteresis 
is attributed to the hypothesis of coexisting phases below and 
above the phase transformation of The observed EPR 

spectra from polycrystalline sanples at X- and Q- bands are 


also discussed 
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IV. 1 INTRODUCTION 

It is well known that, in alkali halides when divalent 
cation impurities are dcped, the impurities substitute for mono- 
valent cations and charge condensation takes place through variouj 
mechanisms. As an interesting extension of charge condensation 
studies in alkali halides, ammonium halides have also been doped 
with divalent impurities. But the EPR studies of doped ammonium 

halides have been confined mainly to NH^Cl, NH^Br and their 

24 - 

dleuterated analogues. The only other is NH^P with Cu as the 

impurity ion, studied by Parker^, The EPR of Mn^'*' doped in NH^Clj 

has been studied by a nvimber of workers but the site of Mn 

incorporation has been rather controversial and the axial crys^Jf 

field parameter b^ (=D) was found to be unxisually larQ^ (A/ 1605 

Due to vejry large value of D, the EPR spectra at X-band were 

1 2 24 ^ * ^ 

to be unusxxal. The unpublished work of Sastry on Mn 

2 + + 

NH^Br revealed that Mn enters substitutionally for with 

remote charge compensating sites at RT ('v- 300K) , resulting in asi 

*/ ' 

isotropic sextet. At liquid nitrogen temperature (LNT) they 
observed a spectrum comprising fine groups and have estimated -.a* 
value of|D|.v538 <?, Thus two ammonium halides viz. NH^Cl aftd ilSf 
seem to behave differently for Mn^"^ inpurity. It was felt inte^pj 

24 - 

ting, therefore, to observe through EPR, how Mn doped in 
behaves. To the best of our knowledge no EPR studies of in| 

NH^P have so far been reported in the literature. It ±| 



well known that ammonixim halides \indergo several structural phase 

13,14 

transitions with tenperature* We have therefore uixlertaken the 

2 * 4 - 

EPR study of Mn doped in NH^I in the tenperat\ire range 573K to 
77K at X-band frequency ■('Vf9,3 GHz) and at RT ('v 300K) at Q-band 
frequency (-v 35 GHz) » 

The X-band EPR study was carried out first and the analysi 
of the spectrum revealed that the D parameter is very large in th< 
present system. We then carried out the study of Q-baiad frequen- 
cies and refined the parameters. We shall first discuss the Q-bai 
spectra and sxabsequently the x-band spectra. 

IV, 2 Q-BAND SPECTRA* 

(!) Expe rimenta 1 

The crystal was fixed to the tuning rod of a cylindrical 

cavity in such a way that the magnetic field was rotated in 

of the (100) planes by rotating the magnet. The c^erved angula:*| 

variation of intensity and positions of the fine structure 

in the (001) plane revealed that there were three constituent 

spectra. One of the constituent spectra (Spectnma-I) did not 

« / 

angular variation in the (100) plane, while the other two 

II and III) were very anisotropic. Along [l003 direction ^ 

( 

the constituent spectra (Spectrum- III) has a maxiraum spread lift, 
fine striicture. The hyperfine structures of all the fin® struct’ 
groups of Spectrum-IIl also show maxima in spreads along • 

We shall call jlO^ the Z-axis of Spectrum-III. On rotating the 
laagnetic field away from [lO^ towards [pi(0 , i^ectra II and IXi 
etart'''iihi?inking in spread and the hyperfine structure becomes' 



complex. There are many forbidden hyperfine transitions which 
are very'' anisotropic not only in position but also in intensity. 
There are orientations of the static magnetic field H for which 
the normal allowed hyperfine transitions almost disappear and the 
forbidden transitions are quite strong. Along jOl^ direction the 
positions of spectra-ll and III get interchanged. Along the direc- 
tions [ol<^ and jlO^ , one of the constituent Spectra- II or III 
coincides with ;^ectrum-I and the other one shows a maxima in 
spread. Therefore, the two spectra II and III are equivalent but 
are 90° out of phase in (001) plane* The S^ectrum-I will be desig-* 
nated as X-Y Spectrum while the Spectra II and III will be desig-‘ 
nated as (X/Y)-2 spectjca. All the crystal faces viz, (lOO), (OigJ 
(001) or equivalent are found identical so far as the angular 
behaviour of EPR spectra is concerned. The EPR spectrum show®' 

.j' 

4-fold symmetry in the above mentioned planes. Fig. IV, 1 show ‘ 
the spectrum at Q-band frequency (“V 35,25 GHz) when 1 ? is orletBt^. 
along any one of the cube edges. The groups marked as A, B,- C, & 
and E are the sextets of the (X/Y)-2 spectrum for Q » 0° i,e, 
along the z-axis. The* groups have relative intensity in th®. 

5 j 8: 9; 8:5, The groups of sextet marked by F through J correa^p^^SS^ 
to two identical spectra, exactly overlapping^ one of which 1® 

X-Y spectrum and the other is the 90° part of. the (3p'Y)-z spectrum, 

The lines are quite sharp (AJ8 G peak to peak) even at RT, 

At RT no satixration behaviour was observed with 200 mW microwave 
power, • and no sii?»erhyperf ine structure was observed due to ligands, 
of the polycrystalline sanple (fine crushed powder) 
were also recorded. Fig, IV, 2 shows the spectirum of polycrystalli 



sample at Q-band frequency (^34,99 QHz). Pigs. IV, 3 and IV^4 

show the angular dependence of the allowed and forbidden hyperfin© 

JL 

transitions of the central fine structure group *• 

of the (X/Y)-Z spectrxam. 

Some of the crystals were heated at/^ 430K for half an hour 
and were subsequently cooled down to RT by dry nitrogen gas flow 
over the annealed sample. Spectra recorded with the heat treated 
samples were found to be identical with the spectra of as-grown 
crystals . The crystals grown at growth ten^seratures ranging from 
2 88K to 350K gave spectra identical to those for a crystal grown frc# 
neutral solution at RT, 


<ii) Spin-Hamiltonian Analysis 

The following conventional spin-Hamiltonian appropriate ts> 

2 + 

Mn ion in a crystalline field with axial symmetry was used for 
analysis of the spectra ; 


^ = j3H,g,s+B°0j^ + B' 


OqO 

4''^4 






.2 + 


For Mn / S = I = 5/2 and the symbols have their usual meanlnq^#* 


The fitting method discussed in Chapter II was used to 
obtain the Spin Hamiltonian parameters. The fitting was found to 
bo insensitive to_the last fine structure term viz. 

which therefore neglected subsequently* 

pphe spin-Hamiltonian (IV. 1) may then be es^pressed as follows in 
.erms of more common symbols^ : 

CIV, 2) 


m « 



The best fit parameters obtained are given in Table IV, 1, The 
calculated and experimental field values of observed fine struc<*« . 
ture transitions are given in Table IV, 2 and those of the hyper- 

> 'I 

fine transitions of groups C and H are given in Table IV, 3, for 
comparison. Fig, IV. 5 shows the angular variation of the centres 
of hyperfine structure groups when H is varied in (001) plane. 

The solid lines are the theoretical curves obtained by exact 
numerical diagonalization of the spin-Hamiltonian matrix conpri- 
sing only the fine structure terms on a cortpiiLter and circles and 
triangles are the experimental points. The good agreanent between 
the experimental points and the calculated curves justifies the 
adequacy of the spin-Hamiltonian used. 

Normalizing the energy with b 2 (=D) and neglecting the 
hyperfine terms, the spin-Hamiltonian IV, 2 may be written as * 

= pg^^ (^)Cos© +p [sin©(Cos/ ’h S±r^ 

where the direction of the magnetic field is expressed in 
spherical polar coordinvHtes . The secular equation derived . 

the above Hamiltonian was solved numerically on a compister 
Mn with S = 5/2 and the energy diagrams (E/|I>| - W\P\ curve) 
so obtained are shown in Pig, IV, 6 for H f} z axis (& » 0) aad 
t± X axis (e s= 90®) . The possible transition fields for allowed 
fine structure transitions 'are also shown for catunon X-baod 
(A# 9 GHz), K-band (A/2 3 GHz) and Q-band (^VSS GHz) frequencies 
and are martosd by XI through X5 for x-band, by K1 through K§ for 



K-band and by Q1 through Q5 for Q-band frequencies. The transi- 
h)i^ H 

tlon diagram (-—»*- — ■ -curves where hi/wM* “ “ ^*1 • 

IdI fD| ; ii jyi > 

the matching microwave quanta) are shoi-jn in Fig. IV, 7 for 9 ss 
and & = 90?, In ordinary EPR experiments frequency of the micro- ■ 
wave quanta is generally kept fixed and the intensity of the 
magnetic field is varied. So for the field swept EPR the tran- 
sition-diagram provides the resonance fields, which may be 
.obtained as the crossing points of a horizontal line h 
constant, (appropriate to the fixed frequency of .the microwave) 
with the curves of Fig. IV, 6. Such transition-fields appropriate 
to the X-band, K-band and U-band frequencies are also marked in 
the transition-diagrams (Fig, IV, 6), 

(iii) Ion- Vacancy Model 

2 * 4 * 

When Mn substitutes for NH^ lattice, a number of catiois^ 

sites are available for creation of cation vacancy to mainta;t» 

2 + 

charge neutrality. As the concentration of Mn ions is : 

to be much greater than the equilibrium concentration of the 

intrinsic lattice defects at any terrperature, one can assume 
2 + 15 

nixmber of Mn ions and cation vacancies , Because of the loi|^ 

range nature of the Coulombic interaction, one would expect an 

2+ 

infinite niamber of possible Mn - cation vacancy pair ccxipXeacee. 
(magnetic centres), .We shall refer to the ion-vacancy conpleKee 
as M-V centres hereafter. Because of the screening arising fr< 3 pa 
the polarization of the ionic atmosphere in the vicinity of a 
.given charge, the effective interaction between Mn and cation 
vacancy is# in reality, limited. Therefore a central charge 



will effectively interact only with a finite nimber of cation 
vacancy neighbours and only a limited ntmaber of M-V centres would 
be expected, which are favoured energetically also. 

Based on the symmetry considerations various centres may be 
grouped according to their symmetry and their EPR spectra. There 
may be magnetically equivalent but differently oriented centres, 
while on the other hand there may be centres with the same orien- 
tation but magnetically inequivalent. The magnetically equivalent 
centres will have the same symmetry, will give identical spectra 
and can be described by a spin-Hamiltonian with the same parame-' 
ters, 

O » 

The observed tetragonal symmetry of the EPR spectra of Mn 
in NH^I, with its axis along jlO^ or equivalent directions is 
consistent with the following models for the M-V centres, s 

2 "f* 4- ‘ 3* . 

(I) Mn substitutes for NH^ and gets associated with a vacancy 

at the possible sites along [looj, and joo^ directions. 

We will designate the complexes as M-v(200), M-V(400), etc,i where 

the nimbors in the parenthesis indicate the site 6f the vacancy 
2 + 

with Mn at the origin (Pig. IV. 8). This is what has be^ the, 
case for I'ln^'^ in various aljcali halides with NaCl structure^ 

(II) Mn'^ substitutes for wjiile two iodines on either side 

of it (i.e, 5 and 6 in the Mnl^ octahedra shown in Pig, IV. 8) along 
a cubic axis are 'substituted by OH", This results in an axial 
field with axis along the line joining the two OlC ions i.e. along 
one of the crystallographic axes |io^ or 

model has been proposed for Mn in NaCl , Alternatively Mn*^ 




substlfiit^s for while two .iodines along two perpendicular 

■ ri- 

axes* say JlOOj and jOl^ # are replaced by OH” ions. This will 

OOl]]. Such 

a model has been proposed for Mn^"^ in and Mn^"^ in 

The overall charge ccrrpensation in both these cases may be achieved 

by having the vacancy away from the metal-ion. 

Both the above models permit the existence of three axially 
symmetric magnetic centres which are magnetically equivalent but 
have different sets of axes. All eqxii valent distortions from 
normal ciobic environment will occur with equal probability. There- 
fore one third of the total magnetic centres will have their 
tetragonal axes along other one third along [oi^ while 

the remaining one third along [oofj*. As within experimental errors 
it was found that <3y.^= ^yy= # the X and y axes aa^p equivaleait 
and thus indistinguishable. That is why, we have referred to th# ' 

immobile (90^) spectrum as X-Y spectrum (being due to the centres 

* 

for which magnetic field is oriented in their XT magnetic pls^^J^ 
The reason why we have referred to the angular dependent speotra^i 
and III as (Xj/y)~Z is also now clear. These two spectra belosEsg, 
the centres for which X and Y are indistinguishable and "3 rabrntm ' 
in their X— Z ot Y— z planes , When the magnetic field is 
(001) plane it rotates in the X— Y plane of one third of thf© csesfcjjsas 
while in the (X/Y)-z plane of the remaining two thirds. Because 
of the equivalence of the X and Y axes the X-Y spectrum will obvi-^ 
ously be inmobile when 3" rotates in (001) or equivalent planesi 
When the magnetic field if coincides with |l0^ or [oi(^ then the 
of one third of the total centres become parallel to it 


also result in an axial crystal field with axis along [_ 



while the remaining two thirds of the centres will have their 
Z-axes perpendicular to H (©=90°) i.e. their X/Y axes are parallel 
to H. Therefore along this orientation of the magnetic field the 
(X-Y) spectrum becomes relatively more intense (theoretically 
twice that of (X/Y-Z) spectrum (©=0°) . Along [ill] all these 
three types of centres will give identical, overlapping spectra 
resulting in a single spectrum. The observed symmetry of the over 
all spectrum in the (110) or equivalent planes is two fold, which 
is consistent with the above mentioned models. 

(iv) Discussion 

The observed unusually large value of D parameter clearly 
indicates that the axial distortion is very strong and warrants 
the presence of extra charge (required for charge neutrality) in 
the close proximity of the metal ion. In model (I) this would 
suggest a charge compensating vacancy at the next nearest neigh- 
bour cation site along an axis i.e, (M-V(200)) rather than at the 
far distant neighbours cation sites e.g, M-V400 etc. (Pig, IV. 8), 
Hoxirever, it has been found in the case of alkali halides that the 
centres associated I'jith 0H“ substitutional ligand impurity have 
large value of crystal field parameter D conpared to its value 
for the centres associated ^^^•ith the pura ligand. This suggests 
the alternative model (II) for the centres. Because the cirystals 
are grown from aqueous solution, the formation of Mn( 0 H )2 is 
possible due to dissociation of H 2 O molecules. In the most accep- 
■ced model of the Mn"^ - vacancy centre in NH^Cl and CsCl , the 
mo-tal ion has H 2 O molecules as ligand which makes the association 



of oh” with Mn^"^ possible. The 0H~ ligand seems to mahe large 

distortions in cubic environment possible. However, if OH is 

associated with the centres the spectrum should be affected by 

heat treatment of the crystals. Also it should be possible to 

confirm the association of 0H~ impurity with the centres, by 

20—23 

optical absorption spectra and other non-EPR studies . The 

heat treated samples did not show any change in the intensity of 

the EPR spectra, and also the infrared spectra of the samples did 

not show the characteristic bands of water or 0H~. We therefore 

2 + 

conclude that ' in the Mn doped single crystals the magnetic 

- 4 - 

centre is M-V(200) i.e. metal ion sxobstitutes for cation 

This also seems to be consistent with the fact that the 

13 14 

RT structure of NH^I is NaCl type * for which vacancy conplex 
seems to be preferred in general^ ' 

Several mechanisms have been proposed in the past concerning" 

the zero field splitting (ZPS) of the S-state ions ” , Forman 

6 2 + 

and van Wyk have discussed for NH^Cl:Mn , varicws contributions 

4 

to D and ^their signs. Zaripov and Chirkin have estimated the sign 

and magnitude of D for different models and found that the point 

charge model estimates are in agreement with experimental valiies, 

if reasonable values of effective charges are assumed. However 

such calculations in NaCl:Mn for model (I) failed miserably 

and were unable to give any agreement even in the orders of magni- 

tiude of D. The overlap and covalency effects seem to be dominant 

in this case giving large contributions to the zero field splitt- 

2 + 

ing, A list of some systems in which Mn is siobjected to very 
large zero field splitting^ ( 1d| >1 KG) is given in Table IV,^ 


— 24 - — 

of oh” with Mn possible. The QH ligand seems to make large 

distortions in cubic environment possible. However/ if OH” is 

asscxsiated with the centres the spectriim should be affected by 

heat treatment of the crystals. Also it should be possible to 

confirm the association of OH” impurity with the centres/ by 
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optical absorption spectra and other non-EPR studies • The 

heat treated sanples did not show any change in the intensity of 
the EPR spectra/ and also the infrared spectra of the samples did 

not show the characteristic bands of water or OH”. We therefore 

2 + • 
conclude that in the Mn doped NH^I single crystals the magnetic 

centre is M-V(200) i.e, metal ion substitutes for NH^"^ cation 

This also seems to be consistent with the fact that the 

13 14 

RT structure of NH^I is NaCl type * for which vacancy ccatplex 
seems to be preferred in general^ 

Several mechanisms have been proposed in the past conceminsgr 

the zero field splitting (ZPS) of the S-State ions ” 
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ai^ van Wyk have discussed for NH^Cl;Mn / varion® contributicwis 

4 

to D and 'their signs, Zaripov and Chirkin have estimated the 
and magnitude of D for different models and found that the pciiiSh 
charge model estimates are in agreement with experiiaenfeal 
if reasonable values of effective charges are assumed*, 

24 - 1 . ^ 

such calculations in NaCl:Mn for model (I) failed miserably 
and were unable to give any agreement even in the orders of magni- 
tude of D, The overlap and covalency effects seem to be dominant 
in this case giving large contributions to the zero field splitt- 

24 - 

ing* A list of sense systems in which Mn is subjected to very 

S5«rp field splitting^ (I d! ^ l kg) is given in Table IV. - 



In the case of CsBr^^ crystal, is found to go substitution 

nally rather than interstitial Ly in the lattice with cation 

vacancy at the next nearest neighbour cation site and does not 

involve any association with H 2 O or (OH ) as ligand. The r^orted 

2 + 

D value in CsBr;Mn case is equal to ^4068 G, which is exc^- 
tionally large^^. The value of D parameter in CsBr is larger by 
an order of magnitude than those in other allkali halides of NaCl-* 
type structure. We can thus expect the observed large value of D 
in NH^IrMn^"^ at RT with magnetic' centre as M-v(200). Because of 
large discrepancies between values of D parameter calculated from 
point charge model and those observed experimentally, we will not 
attenpt any such calculations in the present case. 

The g values indicate that within the experimental errors, 
the g tensor is isotropic and has a value near to the free spin 
value (g_ =»' 2,0023), as is expected for an S-state ion. The 
hyperfine tensor is also almost isotropic. Prom the work of Van 

O g 

Wieringen it is known that the magnitude of the hyperfine parn*" . 

meter A, depends on the amount of covalent bonding in the cry»^a|^ 

That is, the greater the covalent bonding, the smaller wfill be 

hyperfine splitting, Matimura has given a plot, where peneanfe. 

ionicity is plotted against the magnitude of Ai Using the piefe 

2 + 

of Matumura we have estimated for Mn ionicity or 

covalent bonding. Covalent bonding is generally esqplainedi 
by the degree of overlap of the central paramagnetic ion-wave-^- 
functions with the wave f\inctions of tl^ iigand at axis, D^endliag 
on the strength of the covalent bonding, these ligands can be 
arrest neighbour atoms or even next nearest nei^bour atans. 



The superhyperf ine structure which may result from the interaction 

of the nonlocalized magnetic electrons of the metal ion (Mn ) 

with the nuclear spins of the ligands (l" or OH"* or H"^) in our 

proposed models/ if observed would have . furnished some 

decisive information about the immediate surrounding of the central 
2 + . 

Mn ion, 

(v) Hyperfine Structure 

The approximate techniques of calculating the EPR transi- 
tion probabilities have been discussed in Chapter II/ Section B, 

' 9 10 38 

An excellent technique/ the Bir-Lupei method ' ' which has been 

found satisfactory to explain the observed angular behaviour of 

hf transitions (allowed and forbidden) in NH^CliMn system (which 

has almost the same SHP and same symmetry of the EPR spectra) has 

2 + ’ ■ 
been applied in the present case of Mn ;NH^I, The EPR spectrt^' 

2+ . . ' V 

of Mn demonstrated a very peculiar aspect of the hyperfine 
structure angular d3pendence. There are many forbidden hyperfine ' 

A 

transitions which are extremely anisotropic particularly in int^— 
sity. There are orientations where scxne of the normal transition® 
disappear ccmpletely and the forbidden hyperfine transiticais arm 
seen to be very strong in the same orientation. This unusual ' m 
behaviour is certainly connected to the unusually large value of , 
the fine structure parameter b 2 (= jDt 1612 G) , A very powerful 
and siitple tool for treating the intensity problem in the case of 

OQ A'l 

large fine structure parameter is the effective field method . 
As discussed earlier in Chapter II, in this method the quantiza- 
tion a»?is of the nuclear spin is assumed to be determined by the 



effective magnetic field at the nucleus created by the electrons* 

. * *■ 

The h 3 ^erfin 6 interaction is assxnjed as being equivalent to a 

Zeeman like interaction. The effective magnetic field is calcu- 
lated by averaging the hyperfine interaction over the electron 

wave functions i.e, on eigenstates of the electronic Zeeman and 

9 10 

fine structure terms in the Hamiltonian, Lupei et al ' have 
evaluated the electronic eigenstates the perturbation 

theory, using strong field wave fiinctions j as zeroth order 

functions and neglecting the foxirth order fine structure para- 
meters (b^). The eigenfunctions of the system can be written as 

a product of pure ‘electronic* eigenstates ^hd nuclear 

s 

eigenstates jm^CM^)) which depend on in the effective magnetic 

field, which, in its turn, depends on the quantum number The 

nuclear eigenstates jm^CM )) and |ml(M’)) determined by two 

effective fields, say, H and H have the following linear 
39 

relationship : 




(IV,4) 


where . is the matrix of the irreducible rotation grotm 

miin^ ^ sf -I- , 

representation with weight I, and w is the rotation vdiich cotxv&H^' 
the axis H to H , The intensity ratio of the various Ir^fperfin*' 
transitions of the same fine ^group say lMg)4-»'|Mg-l) is given by; 






(I) 

d (w| 

m^mi 


(I) 

d <w} 
mjmj' 


1 


(I) 

P (M-) 
m^mj. 


(IV.5) 


p (M) 
mjm”* 



->M -?M' (I) 30 

where ^ = Cos{H , H ) and P (At) are known functions and 

mm* 

have been given in Chapter II Section B, The angular d^endence 
(I) 2+ 

of P (M) for I = 5/2 (Mn "^) is shown in Pig. 11,5 of Chapter II. 

Since the most prominent anisotropy of intensity is observed in 

the central fine group I ^ j- # we will malce use of the 

analytical ej^ression forf^= (Cos(ii ^ , H "*^) obtained by 
9 10 

Lupei et al * and given below : 


- fl -128T(-^'.)+ 7168T + 1088T Sin^^S + 

2 2 

-T(3Cos^e-l) {608Sln^8+256)-3072T — — Sin^ 

.. (1V..6) 


dSin 2& 


3 


where T 




Sin^20 / = A^g^j Cos^©+B^gj^ Sin^e 


and g^ = gj^ 


2 2 2 
Cos & + gj^ Sin e. 


where 6 is the angle between ’ z-axis and static magnetic field 1?^ 

in the X-Z plane. Due to very large coefficients in frpnt of 

an^lar function in Equation (IV, 6), has a strong dependence <m 

(5/2) 

0, Besides, the functions P (M) also have a strong dependence on 

mn* 

K • The intensity ratio of the various members of the central 
fine group thus becomes : 



... (IV.7) 

and depends on the orientation through^ , Thus Equation {lV,7) 
can be used to check the validity of the theoretical expression 
for 

Pig, IV. 3 and fPig. IV. 4 show the angular behaviour of 

hyperfine conponents of the central group over the range of 

orientations © = 0 to Q = 20*^. Due to superposition of the central 

fine group with other fine structure groups it was not possible to 

follow the spectra for the whole range of orientations and the 

observations have been limited only to the range of © = 0® to 

© K 20^. We have compared theoretical value *of /M* with experimeii^i^ 

value obtained by conparing the intensities of the different traii 

•sitions with relations (IV,7) for different In Table IV.5 r ^ 

3 ^ 

some of the observed and computed values of/<,are given, Mialhe 
hq,e compared the adequacy of tho various approximate ir^hods ancfc, 
their range of applicability which depends on the values of the 
crystal field splitting. He has found that for large fine struc** 
ture parameter (Ds= -1605 G) for NH^ClrMn the two approximate 
masf^ods viz, thd method of Bir-Lupei and the method of intensity 
operator give satisfactory explanation of the angular behaviour of 
line intensities. These methods have already been discussed in 
Chapter t| Section B„ We have conputed the intensities for some 
of . the central fiiae gro\p : 




allowed hf transitions; 



mj = - , forbidden hf transitions) using 

3 8 

intensity operator method and Bir-Li^ei method. The comparison 
with the experimental intensities is shown in Fig, IV, 9, All the 
measurements were made relative to the intensity of ss 
lino at g - o®, assuming it to be unity. The good fitting of 
the experimental data with the computed data using Bir-bupei 
method indicates that for large D-value with /Dj/H^ within 0,1 
and 0*15, Bir— Lupei method is more precise, 

IV. 3 X-BAND STUDY 

( i ) Experimenta 1 

O * 

As has been discussed earlier Mn is believed to substi» 
tute for ion in the NH^i crystal lattice. Each metal ion i» 

in a strong axial field caused by a vacancy created at nei^iboiiir^ 
ing host cation sites for the purpose of charge compensation,,. 

The metal ion is in an environment with a four fold syiwn^ry 
to the cubic structure (NaCl) of the NH^I lattice at RT, In faqfe 
we carried out the X-band study at RT initially, and analysed the 
spectra using the spin-Hamiltonian (IV. 2) and the method mentioned 
earlier in Chapter II Section B, At RT the parameters obtained 
thrcna^ the eaeperimental data at Q-band are much more accurate 

to those frcsm' x-^baind data. However, since the t^rperaturi 



variation of EPR spectra has been studied only at X-band the 
X-band parameters at RT have been retained as such. 

The same cirystals were used for both x-band and Q-band 
studies. The rocsn tenperature EPR study of single crystals at 
X-band revealed several unexpected features in the spectrvann. The 
reason for these unexpected features# of course# lies in the 
unusually large value of the parameter 1612 G)# stach that 

the microwave quantum at X-band frequencies (hj 9,1 Oiz) is 
almost equal to one pair of zero field levels. 

The crystal was moianted on the crystal holder of a 
goniometer (Varian model E-229) fitted to the rectangular reso- 
nant cavity (Varian model E-231) operating in TE^q 2 roode. By 
fixing the crystal to the horizontal plane of the mounting rod 
with one of its faces ((001) planes)# it was possible to rofcats 
the crystal about the vertical axis [oo^ such thatl? Is rotated 
in (001) plane of the crystal. Planes (001), (010), and (OOl) 

and joorj are indistinguishable 

here , The EPR spectrum along an arbitrary orientation in th*a» 

2 + 

planes was found to be ccmplex and unusual for Mn ions which 
usually show five sextets. The spread of the spectrum was fomad 
to be maximum when if was oriented along [lO^ or [oi^ i,e. alopg 
one of the cube edges (Pig. IV, 10), The spectrum spreads over 
the complete 10 KG scan for this orientation. Whonl? deviates 
from this position on either side the spread of the spectrum 
starts decreasing. The directions [lO^ and equivalent are thgs 
identified to be Z-axes of the magnetic centres responsible for 


and directions ' 



the EPR spectra. The spectrijm repeats itself after an interval 
of 90° in the (100) plane or equivalent planes. 

The groups marked as D, E, P, G, H, I in Pig, IV;l0# do not 
show any angular variation when is rotated from [l0(^ to [olQ 
in (001) plane. We will retain the same designation i,e, X-Y- 
spectrum,as at Q-band, for these immobile groups viz. D through 1, 
The remaining groups of lines marked as A, B, C in Pig, IV, 10 show 
unexpected angular dependence* These groups plus the mobile grot^s 
emerging from X-Y-spectrum positions when H is off Z-axis will be 
designated as iX/Y)-^Z spectrxom just like at Q-band frequencies. 

Some of the unusual features of the x-band spectra are : 

(a) X'i'Y spectrum comprise six grotjps out of which only four seems 
to be conprising us^aal six hf lines while others show \inumiai 
tive intensity, position and stiucture, 

(b) The Z-component (H )| z ; 0 = 0°) of the iX/Y)-^Z 

seems only to cortprise three sextets unlike the fiv^ seict^s 

2+ 

characteristic of the Mn ion EPR spectra, 

(c) When H moves away from Z-axis all the fine structure 

on either side of central fine structure grovp should 
move towards the central group to reduce the spread of the 
trum. However* in this case the highest field group A f»oV^ 
towards lower field side, whereas the n&kt hig|!i#st fi^sld grotgjf 
shows ah unusual behaviour. This grotp B ccp^irisei^ Oleveh uhusgua* 
liy spaced peMiks. with unsystematic relative intensity (?ig, i 

The lower fi^ld lewubNsrs (B*) of this gfoc^ B move towards lower 

tlie' higgler field m^abers (B”) first mo^e to^ai^ 
iEtht&in a' itexirtiufiR In position around 12° iffoisj 



Z-axis, then turn back towards the lower field side (Pig. IV, 12), 

(d) The fine group C (the central gro\ 5 > of the Z-spectrian) canpri- 
ses many more component lines than the usual sextet# the con 5 >onents 
having unusual relative intensities and spacings. The lower field 
members of this group (C*) move towards lower field side while the 
higher field side members C" move towards higher field si«3e when 

H deviates from Z-a.xis, The angular behaviour of these groT:ps is 
more or less the same as shown by the members of group B (Pig, IV, 12) 

(e) The centres of the groi:qps B and C are quite fajr frcxn 2jDf 

hU 

and respectively where = g^S* 

When H is parallel to Z-axis the X-Y spectrum (groups D 
through I) has intensity almost twice the intensity of the 
Z-spectJTum (groups A# B and C), The group of lines 'I’ of the 
X-Y spectrtm# centered around 1 KG has very weak relative 
and consists more than usual six lines. When the*' magnetic 
is slightly off the Z-axis, two more groups viz, J and K starti 
showing up with weak relative intensity. These gboups c<M5q?rise 
six lines each and are situated around field values 3,4 KG and 
4,3 KG respectively (Pig, IV, 12), The intensity of tdiese grovp0 , 

» > t 

increases on moving away from the Z-axis. -The positions of th«a®. 
groups show slight angular variation in the range 0° to 30^ from . 
the Z-axis in the (001) plane. On going away from the Z-axis 
various groups of the spectrum overlap with each other and the 
spectrum blames very so complex that it is not possible to follow 
the various groups of lines over a wide range of angular variaticxi. 
At no setuxation of the lines was observed with 20o mW maximum 

of th® microwaves. The lines of the usual sextet groups ha’^ 



widths ( A H ) ^ 10 G, The lines of the other gro\^s have widths 

It Jb^ 

2 + 

which range from /\;10 G to'V 20 G,. Little effect of the Mn 
concentration (0.01 to 0.5 molar percent) was observed on the line 
widths. In the (110) plane the over all symmetry of the BPR 
spectr-um was found to be two fold. Along the [ll^ direction the 
spectrum becomes very weak in intensity and comprises a large 
nuntoer of lines with the overall spread of 5 KG. 

The spectrum from polycrystalline (crushed fine powder) 
samples has also been recorded. The RT spectrum from a powder 
sample is shown in Pig. IV. 13, The line widths of powder spectnan 
are coir^ratively larger than the lines of the spectrum due to 

single crystals. The powder spectrum consists of all the corres-- 

« 

ponding groups of the single crystal spectrum (Pig. IV.lO)* except 
the highest field group A and in addition contains some gro^# , 

K and L, The groups corresponding to these are not present ih ‘ - 
Pig, IV.lO but can be seen in Pig, IV.12, All the crystals giPCwh 
at RT and above upto 60°C and frcro different pH of mother liquor 
from acidic to basic solutions gave identical spectra at all 
teirperatxires . • ' • 

(ii) Spin Hamiltonian Analysis 

The sp in-Hamiltonian (IV, 2) with axial S 3 ^rometry was used 
for the analysis of the EPR spectrum. The* SHP were calculated 
using the method of fitting as discussed in Chapter II, Because 
the z-spectrum was unusual, the centres of the groups of X-Y 
spectnan (usual sextets) were taken as the transition fields, since 

th4sa®' could be located accurately even for orientations away from 

/ 



Z-axis such that they had least overlap with (X-Y)-z spectrum. 

The parameters th\as obtained were used and refined to obtain 
through an iterative procedure to get least squared residvial sum 
(LSRS) : 

(LSRS) = .. <IV.8) 

where sxammation is over the transitions considered and and 
are the energy levels involved in the transition k. The 
energy levels E^ are calculated by exact numerical corr^uter 
diagonalization of the spin-Hamiltonian matrix neglecting hyper- 
fine and nuclear terms. In calculating (LSRS) globally all the 
accurately 3cnown k transition fields of both X-Y and (X/Y)— z 
spectra v/ere taken into account. The same procedure was carried 
out for the computation of parameters at all teirperatures. The 
best fit parameters thus obtained frcxn analysis of X-band 
at RT are' given in Table IV, 1, The signs of the parametaire are 
relative assuming D to be negative. The values of A and B were 
calculated frcxn the observed hf structure using pert\arbatim' 
expressions upto third order in D and An appropriate to larg^ 0# 
which are mentioned in Chapter II, 

t 

(iii) Discussion of Results of X-band i^ectra at RT 

The obsezrved angular variation of the intensities and 
positions of the fine structure in (001) plane is consistent with 
the existence of three distinct types of magnetically equivalent, 
axially symmetric centres with their tetragonal axes along [lO^ » 
, and directions as has been suggested earlier on the 



basis of Q-band study. Looking at the energy diagrams (Pig,VI*6) 
and probable resonance fields for X-band microwave quantum we 
find that some of the states involved in resonance transitions 


are nearly degenerate for exanple transitions 3^ and X^. Similar 

5 6 2 ■+• 

situation has been reported ' for the cases of NH^Cl:Mn^ and 
2+ 2+ 

CsCl:Mn . The X-band spectra of Mn in NH^I resemble closely 

2-f. ' 

with those of Mn in NH^Cl and CsCl. Apart from unusually large 
zero field splitting (ZPS) parameter D many more featiires are 
common in EPR of all these systems. Por exairple, these exhibit 
the same features caused by the near degeneracies of the states 
involved in seme of the transitions. It can be seen from 
Pig. IV, 6 that the transitions B and C of Pig, IV, 10 correspond 
to Xj and X 2 respectively and are between nearly degenerate 
levels i.e, where the levels cross. When H is slightly pff 
Z-axis (small non zero 6) mixing of the states takes place by th® 
magnetic field^. The mixing of the upper two states involved in 
the transition results in two states containing appreciable 
contributions frem the states admixed. As a result two transl'** 
tions become allowed between the admixed upper states and lower 
pure state. This will ba the case with transition marked as 
in Pig, IV, 6, Similarly the mixing of two ■i:^per and two lower 
states involved in the t^nsition rsarked «111 result in four 
allowed transitions when H is .off the Z-axis, 


It has been mentioned earlier that the transitions B and 
c (Fig, .IV, 10) when © w 0° do nbt comprise usxial six lines with 
systematic spacings. The group B comprise eleven peaks with 



unsystematic spacings between adjacent peaks and with unsystetnatlc 
relative intensities. This feature can be explained by taking 
into account the mixing of near degenerate levels by the term 
B(S I + SI) of the SH (IV,2), The mixing of nearly degenerate 

^ y y 

terms can not be adequately described by using perturbation 

5 

method . However the positions of the peaks may be calculated by 

solving the quadratic equation for the mixing of nearly degenerate 

. 5 

levels/ to which perturbation corrections may tl^en be added . In 

general there should be twelve peaks in group B and twenty four 

peaks in group C, But because of the fact that the states I J ^ } 

j 3/2/ -5/2^ / and |-l/2/ -5/2^ can not be mixed through the 

term B(S I + SI) with their corresponding nearby degenerate 

^ ^ y y 

state,' these states remain normal (unmixed). This is the reason, 
why only eleven peaks are present in group B (Pig, IV. 11), The 
hyperfine peaks of groups B and E along with the ccsrputed peak 
positions of gro\jp B are shown in Pig. IV. 11. The normal peak i® 
mariced as N in Pig. IV, 10 and Pig. IV, 11, The conputed and 
experimental peak positions have also been tabulated in Table ly*?,* 
The six hyperfine peaks of groxp E of the X-Y spectrum can be 
clearly seen on going off the z— axis, and are also shown in 
Pig. IV, 11. A similar explanation holds for the group C 

i 

comprises twenty two peaks all of which are not resolved at RT 
due to overlap with the peaks of group P of X-Y spectrum. The 
sign of product da is found to be positive from calculation of 
the peak position of the normal peak N. A negative sign of DA 
would result in an a;^reclable shift of this peak *N‘ towards the 



higher field side ('^460'G). The relatively weak group I is due 
to electronically forbidden transition between levels 1-3/2) and 
1+ 1 / 2 ) (Fig, IV, 14) which has become allowed by mixing of 
two nearby levels by the term B (S I + S I ) • 

XX y y 

The observed spectrum from polycrystalline (crushed fine 

powder) sairples can be explained in terms of the stationary 

42—44 

resonance fields of Pig. IV, 14. The transitions having 

smaller angular dependence are expected to be more intense com- 
pared to the transitions with greater angular dependence. The 
transitions with very strong angular dependence will be smeared 
out in the powder spectrum because of the random orientations of 
the magnetic centres in powder. One would/ therefore# expect that 

the intense transitions of powder spectrum (Fig, IV. 13) corres» 

» 

pond to the strong transitions of Pig, IV, 14b, because these 

V • 

transitions do not show strong angular dependence. The tiSiSisi- 
tions H, ,G and P are relatively more intense conpared to S which 

I A 

is weaker because of its larger angular dependence near d 90 • 
The peak corresponding to the strong angular dependent transific®- 
are all missing as expected, while the peaks corresponding to B 
and C are relatively weak in intensity because of their appr«- ' 
ciably large angular dependence. The peaks corresponding to- 
forbidden transition I can also be clearly seen in the powder 
spectrum because of its weak angular dependence around 9 = 90*^i, 



IV. 4 POWDER SPECTRA 


An interesting feature of the X-band powder spectrum is 
the presence of additional groups of peaks marked as J# K and L 
in Pig, IV, 13, These groups do not have any transitions in energy 
diagram (Pig, IV. 14) to be correlated with. Prom energy diagram 
it is clear that the transition | 3/;^'^ 1/2^ is not possible at 
X-band frequencies when Q s= 90*^ because of the nonmatching energy 
separation. However, these levels approach each other as is 
oriented off X/Y axis (i,e. & 90®) and at some angle this tran»- 

sition becomes possible as is evidenced by the presence of a group 
of peaks L in Pig, IV, 12 when Q = 20®, We believe that group ’L' 
of powder spectrum belong to this transition. In Pig. IV, 12 two 
more groups J and K appear when H is oriented off the 2-axis, 


These groups are weak in intensity but show scant angular 
dence in the range © = 0® to e = 30® from Z-axis, We believe tisete 
to be the fine forbidden transitions which become allowed throu^i 
the mixing of states when is slightly off Z— axis as has been 
mentioned earlier. These two transitions correspond to the weak 
groups J and K of the powder spectrum in Pig, IV, 13, 


The presence of group of peaks ’D* at the lowest fieM 
( almost zero field transition) in all the spectra clearly 
indicates that the zero field splitting energy is being mashed 
with the microwave quantuim at X-band frequencies. This is also 
clear frcxn the energy level diagrams of Pig, IV, 14, Being an 
almo»st zero field transition it does not have appreciable angular 
and ccxiSequently ia present with quite large relative 



intensity in the powder spectrum. Thus the observed features of 
the X-band spectra are foumd consistent with the model discussed 
earlier and all the salient features are explainable with the 
help of energy diagram obtained from the solution of energy 
matrix using the fitted parameters. A similar explanation is 
valid for the observed transitions in the powder spectrum at 
Q-band (Pig, IV, 2), The groups G, H and I in Pig, IV, 2 are 
relatively much more intense conpared to other groups, Ihese 
transitions can be explained in terms of the transitions shown 
in energy diagram (Pig. IV, 6 ) for Q-band frequency. Because the 
transitions , Q 2 t ^5 show large orientation 

dependence, therefore, transitions corresponding to them have 
almost vanished in the EPR spectrum of powdered sample, Ihe 
strong transitions P, G, M, i and J correspond to the transitl^a^., 
/ Q 2 , Q 3 # Q| / and shown in Pig, IV, 6 , The groopB G, H, 
and I are very strong because of the small angular d^endence of 
the corresponding transitions, 

IV, 5 TExyiPERATURE VARIATION OP EPR SPECTRA (X-BAND STTOY) - 
(i) Experimental Results 

It has been mentioned earlier in Chapter II Section D 
that NH^I has two phase transitions aroiand tenperatxares 231K 

and T 2 AJ 257K, Therefore the temperatxire variation of SPR 
spactrB is expected to be interesting from the point of view of 
-txapsitipns. Itie investigations were carried out at 

frequencies in the tenperat'ure range 573K to 77K, The 



parameters D, A, and B were obtained through ccaiputational method 
discussed earlier. The continuous gas flow cryostat mentioned 

earlier in Chapter III was used and the ten 5 >eratxare dial was cali- 

) 

brated to better than IK with the thermocouple placed in contact 
with the sample. Both single crystal as well as powder sanples 
were studied in the above mentioned terrperature range. The tesipe— 
rature variation study of line widths has also been carried out^ 
The p-p line widths being rSjlO G to /\J 20 G, their positions could 
be measured with an accuracy of -^2 G. 

As mentioned earlier the EPR spectrum is very well resolved 
along any, one of the cubic axes, therefore most of the spectra at. 
tenperatures lower or higher than RT were taken along this 
orientation. As the tenperature of the sanple was lowered below 
RT, the line widths of the peaks of most of the groups increased*. 

KP 

This trend of increase in the peak to peak line widths started 
A./ 25 8K and was found to be most pronounced around 248K, Aro\:s^ 
this tenperatxire most of the lines showed an almost discontinuous 
Junp in broadening. Pig. IV, 15 shows the behaviour of the line 
widths of representative lines from various groops of the .BPS 
spectra along [lOC^ i.e, Z-axis. It is noteworthy that the 
broadening trend is more pronounced in those lines which corres** 
pond the transitions between the states which are nearly dege- 
nerate e.g. transitions B and c in Fig, IV.14, Below 230K the 
lines again start showing a narrowing trend. The spectrum grew 
in intei^ity relative to RT intensity down to LNT, The line 
|3elow 1731s rtajiained almost constant and in «K>st of ^e 



gro\3ps were of the order of 8 G. It is worth mentioning over 
here that the thermal process i.e. rate of cooling or heating 
affects drastically the resnlts, at least in the temperature 
range 200K to 300K, For exan^le, if pne cools the sanple at 
rates as fast as 15 K/hour or more the trend in line brcadening 
was found to be flatter one and the discontinuities in broadening 
trend disappeared. Moreover a large thermal hysteresis was 
observed in the EPR spectra in a cooling and a heating cycle* 

The width of the thermal hysteresis was also found to be diffearent 
for different rates of cooling and heating as well for repeated 
cycles. The faster was the rate of cooling and heating, the 
larger was the hysteresis. Repeated cycles also made the thermal, 
hysteresis comparatively larger. A typical temperature variatib» 
of line width for both heating and cooling of the saftple is 
in Pig. IV,15 which shows hysteresis. It may be mentioiMpd here 
that to obtain a spectrum which did not change with time at a 
particular temperature below RT, it was found necessaiy to 
for a long time 1/2 an hour at least in the temperature .rajagst 

fran 253K to 223K) even after the set tenperature got stabiXleed 
(which took less than 15 minutes in oxir case for a temperature 
change of The over all spread of the Z-exi’s 
increases on going down to LNT (Pig, JV, 16), At IMT all' the 

* 

groipjs of lines showed some saturation with 200 mW raicrowav® 
power, seme sanples were also )c©pt at LilT for long times (from 


8‘hbvit'# tb erne week),' Ihe i^^ieptra were recoa?ded by heating 
iy though thjg- reportsed transition tenperature 



T 2 ('V231K), In most of the cases no drastic changes were 
observed aroxand Only in one such study where the san^jle was 

kept at LNT for one week and then the spectra were recorded by 
slowly heating xxp to 273K, an anomaly in intensity of the EPR 
spectra was observed. The changes were found reversible with 
that sample with considerable thermal hysteresis (Pig, IV*17). 

The spectra from a polycrystalline sairple were also recor- 
ded at low terrperatures down to LNT and were found to show more 
or less similar trends in line widths and spread i The angular 
behaviour of the spectra at various tenperatxires down to LNT 
showed that the direction of 2;-axis of the spectrum and the same 
'tetxcigotial symmetry was preserved in the whole terrperatxire range. 

At temperatures higher than ambient one/ the over all 
spread of the spectrum decreased and around 473 k the fine strue** 
ture got smeared out and an isotropic spectrum (sextet) super- 
imposed on a single broad line was observed. This isotropic 
sextet showed many interesting features, for exanple, the line 
widths showed a m^ dependence. The isotropic spectrum (sextet) . 
is characterized by the following parameter ; 

g » 2,.0021 (5) ; |A I = 84,5(5) Gauss 

Pig, IV, 18 shows the conversion of anisotropic spegtrum into an 
isotropic sextet, A sharp line (AH ^ 5 G) vith g »= 2,0033(1) 
can be seen to be present in all the spectra above this tenpe— 
rature. The broad line is .^80 G (p-p) and has a g»-value ^ 2,004, 
the sample was heated at temperatures higher than 500K some 
blaoh material was expelled out frcra the crystal and it started 



turning into powder at the outer surfaces. The change of axial 
spectrum into a cubic one/\>473K was found to be reversible if 
the sample was cooled down to RT, But heating of the sample at 
temperatures higher than 500K for ''V 20 minutes turned the sanple 

I 

completely into a powder vjith sane black material ejqpelled out 
giving a single broad line and a sharp line. The black material 
though small in quantity was separated out and was found to give 
a sharp signal of width /V 5 G, The line width of this signal as 
well as the position (g = 2.0033(1) were found not to show any 
change with teixperature within experimental errors. 

The spectra from polycrystalline sanple (fine powder) in 
the tenperature range RT to 500K were found to show features 
similar to those mentioned above so far as spectral spread and 
line widths are concerned. In the case of powder sanple the 
sanple started turning its colour from white to brownish with 
some blackening of the inside stirface of sample tube at a t^^iipe* 
rature above 500K. The intensity of the spectrum started dind"» 
nishing and new signals around g/v 2,004 started showing ip abo^' 
473K (Fig, IV,18), These signals grew at the expense of the 
normal powder spectrum. When the temperature wasn/480K a 
broad signal with a sextet superimposed on it was observed* .©le’ ' 
change was found to be reversible on cooling dqwn the sample from 
500K, However heating the sanple above 500JC resulted into an 
intense single broad line and the change was found to be 



(ii) Discussion of Tenperature Variation of EPR Spectra 

(a) Low Teirperatxire : The observed temperature variation of the 
parameters b^ (=D ), A and B is shown in Pig. IV,19, The t 3 pical 
rate for cooling or heating is also mentioned. It can be seen 
that the hyperfine constants show little variation with t^pera- 
ture over the range indicated and no marked anomalies are obser- 
ved around the two r^orted transition temperatures T^ and T 2 
shown by two vertical broken lines in the Pig. IV, 19. However, 
the crystal field parameter b® (=D) shows quite a large variation 
with temperatiare and also an anonaly around T^^ (NaCl^->CsCl) but 
no anonaly is observed in D around T 2 (CsCl^PH^I) in cooling or 
heating c37Cle. The anomaly in the teirperatiire dependence of D 

was found to be at 253K and 273K in a cooling and heating cycle 

2 

respectively. Though the lattice parameters for Mn ;NH^1 have 
not been measured, it may be assumed that the lattice i^rametex' 
for both pure and Mn^'^:NH^l with low Mn^"^ concentration will 

not be much different as was found to be the case with pure NH^Cl 
and Cu^"^:NH^Cl^^. Hovi et al^^ have measured accurately the 
lattice parameters in all the three phases of NH^I and have givesn 
polynomials for the teirperature dependence of lattice parameters . 
in all the three phases. The two phases II and III may h© ccojsi— 
dered as one so far as the tenperatui:® variation of lattice para- 
meters is concerned, because at the transition tenperature T^ 
(CsCl PH^I) the change in the lattice parameters is almost 
continuous as the distortion from cubic structure is very small* 
transition temperature T- (NaCl^— CsCl) the lattice 



parameters show a discontinuous juirp, Usxially the D parameter is 

found to show an inverse cxibe dependence on lattice parameter in 
4 7 

cubic crystals ' , Because the other features of the EPR spectra 

of Mn^"^ in closely resemble with those of Mn^”^ in NH^Cl a 

2 + 

similar dependence of D, on lattice parameter in NH^I:Mn syston 
is expected. As D is expected to be approximately proportional 
to the reciprocal of the cube of lattice parameter, consequently 
one would expect a discontinuous junp in D around T^, Although 
there is an anomaly in D parameter around but no apparent dis- 
continuity was observed. Moreover the anomaly was found over a 
considerable range of tenperature rather than at a sharp terrpera- 

ture, as expected from the reported first order nature of the 

14 47 

phase transition aromd , It may be noted that the cubic 

term b^ is almost negligible with respect to the axial term 
b® (=D) and shows no measurable variation with temperature. The 
absolute sign of b^ could not be determined from the low tenpera— 
ture measurements since we could go only upto LNT, 

The temperature dependence of line widths showed some 
ancanaly around 253 K„ These line width variations result from 
changes in relaxation times, which is probably brought about by • 
the modulation of the crystal field interaction by the reorienta"- 
tional motion of the ammoni'um ions. Because of the complexities 
of relaxation calculations and difficulties in extraction of data 
frtfan unresolved lines, it is not possible to get quantitative 
results, therefore only a qualitative discussion of line width 
i^ presented. The unresolv^ structure is expected due to SHP 



interaction of the paramagnetic electrons with the ligand nticlei, 
and the lines are expected to be inhomogeneous ly broadened. The 
observation that the line width variations are larger for the 
transition where other fine energy levels are close to those 
involved in the transition, can be explained if the fine levels 
are coupled by a time dependent interaction. There are several 
ways that can be visualized in which the reorientational motion 
of the ammonium ions can cause time dependent distances of the 
nearest or next nearest neighbours of the metal ion. The time 
dependent distances of the neighbours may cause a time dependent 
crystal field which can then produce the required interaction. 
The time dependent part of the zero field interaction may be 
written as-^'^^: 


It can be shown that this interaction can induce transitions 

between levels m^ and m* with transition probability : 

I 


(IV. 9) 
8,49 
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..(iv.ib) 


where "* ®m*^ andlQ^is the correlation time associated 

I ^ 

with the fluctuations of the interaction. The maximum in the 
probability function occtirs at w , T = 1, its magnitude will 
be for smller (E , - S ) when w_ T ^,1, and will be 

vft O 


m' 



proportional^^ when T’c « ^* condition w w 

be fulfilled at temperatures '^235K for (v^/27f ) = 9.5 GHz/ and 


will 


subsequently = 1,67 x 10“ "^S, Pof estimating this tarperature 


the results of l^iemela and Soini^ for -cemperature dependence^ of 


were used. It is noteworthy that almost all the lines selected] 


for line width study in Pig,’ IV, 15 showed some sort of maxima- 


around 238K, The widths of the lines ftom group C (central group 


of Z-spectrum) showed the largest discontinuity around 248K, This 


transition (Pig, IV, 14) occurs close to where two lower and two 


upper levels cross. The transition probability for any iiiteractios 


coupling the levels which cross each other and which are coupled 


by electron spin operators should be relatively larger. The dis- 


continuity in line widths may be attributed to the discontinuif^ 
in the relaxation time at the phase transition I<t-'*>It (WaClSHf^J^ 


The experimental observations reveal that the system 

shows very strange behaviour so far as the phase transition is 

concerned. It has been discussed earlier in Section D of 

Chapter II that the transition teruperatures based on results 4^ 

various studies by different 'workers have been rather conflii^^^^ 

Even the transition terrperature reported by different workezhs i|i^# 

50—55 " 

been quite different in many cases . Dielectric study by 
Preymann at 9.56 GHz showed that there is a junp in the dielec- 
tric constant at 239K in a cooling cycle and at 268K in a heating 
cycle. He attributed this anomaly^ characterised by a j'unp in tJi(e| 
di#'leictric .dcnstwnti. to structural phase transformation in 



It has also been reported that the crystals having colour 

centres have different transition temperatures con^ared to the 
54 55 

pure crystals . Morlin has studied the kinetics of the low 

terr^erature phase transforiietions of NH^I through specific 

electrical conductivity measurements of polycrystalline saitples 

and according to his e:<periments the tetragonal modification 

(phase III) developed rather rarely and in most of the cases could 

not be observed even when the sartples were kept at LNT for many 

56 

hours. Hovi and Verteva observed phase-I phase-II transfor- 
mation at different tenperatures between 250K and IlOK for four 
different particle sizes / using low tenperature X-ray diffraction 
study and found that the observed super cooling increased with 
particle size of the sanples, A large number of studies using 
optical, magnetic, relaxation and neutron scattering etc. methqd^ 

have been undertaken in the past. Only seme (for example, 

57 58 59 ■' 

and Dasannacharya , Sharp and Pintar , and Couzi et al 

significantly taken care of the fact that a large hysteresis is, , 

observed for the trarsition phasa-I ^ phase-II and the exteul: 

of supercooling, superheating and the exact nature of the stmjgfci^ 

• ’ 

at any temperature depends on the aetails of the thermal proce*^', ' " 

57 

ssing of the saiple. Very recently Goyal and Dasannacharya . “ 
carried out neutron scattering experiments on NH^I in the 
rature range 213K - 300K, They have obseirved that both while 
cooling and heating, one finds phase (I) coexisting with low 
temperature phases II and III, They have very rightly pointed 
out that because of this hybrid natioxe of NH^I crystal a great 
care is called for in interpreting the data of any study in this ■ ■ 
temperature range* 



Our results of EPR study at low temperatures support the 

57 58 

observation of Goyal and Dassannacharya and Sharp and Plntar 
where the two phases were found to coexist after the transforma- 
tion >11, The observation that sample had to be k^t at a 
given tenperature for very long times to obtain stable E^R spectra* 
supports the view of mixed phase* because the sample may require 
a conparatively longer time to stabilize in the mixed phase at a 
given teirperature . Also the fact that the ancxnaly in parameter 
b® and in line widths depends on the details of the thermal pro- 
cess (namely, rate of cooling or heating and number of repeated 
cycles, etc.) and are acconpanied by large hysteresis, provides 
ample evidence in favour of the idea of mixed phase, The reaacai 
for a rather continuous ancxnaly in b^ seems to lie in the fact 
that the transformation does not take place conpietely at 

the transition terrperature and the process is rather sluggisli4;-*“'- 
The absence of any marked changes around 23iK, the most ref#r«ai 
transition tenperatiire T 2 (II^- III) , indicates that either tMjS ' 

transforntation does npt take place at all or it is not reflected 

2 4 ’ ’ ' 

in the EPR spectra of Mn since the transition involves a 

small distortion in the strxicture. When the cooling rate is keirt 

I 

comparatively faster per hour) phase I seems to ^pet 

cooled add thus the transformations I > II starts at a lower 
tenperature, while reverse will be the case in a heating cycl<k. 

The structure of the mixed phase depends on the thermal processing’ 
is eviderced by the data typical of the processing particularly 
in the r^nge 300 to 213K, Therefore we conclude on the basis of 



results of EPR at tenpceratures below RT as supported by other 
studies^”^ ' that in the system NH^IrMn^"^ the phase transforma*- 
tion is not ccatiplete within a sharp tenperature range* 

It occurs over a wide range of tenperature and appears to be of 
mixed order due to the two coexisting phases. Within our ej^eri- 
mental limitations we could not cool the sanples at rates slower 
than those reported but we believe that there may be a certain 
rate of cooling to get a complete conversion of I within a 

sharp tenperature range, 

^ The spectrum along Z-axis at LNT (Fig, IV, 16) shows that 
a large nxmber of lines appear in groups B and C, The number of 
lines in B is found to be at least 28, This indicates the pre- 
sence of two centres with Z-axis coinciding but having slightly 
different crystalline field which results in overlapping of th^ 
peaks from the two centres. As a result the group B will 
rise (11 + 11) = 22 peaks due to -Z-spectrum and 6 peaks due to - • 
(j^Y) spectra, the total number being equal to 28 peaks. It ^.4 
not possible to count accurately the number of peaks present* . » 
Some additional peaks (marked as a in Fig, IV* 16) vrere <:^>serv4sS;f. 
near the highest field group also. These indicated the pr4gi4i®|| 
of some other centres with very low concentration. We have 
attenpted the analysis of these centres, 

(b) High Tenperature: The small line widths at hi^er tempera'— 
tures which at tenperat'ures above 373K become almost equal to the 
line widths at LNT indicates motional narrowing of the lines* The' 
oyer all spread decreases due to the decrease in zero field 



parameter D at higher teirperatiores , The conversion of axial 
spectrum into a cubic one around 480K indicates that the ion 
is not bound with the vacancy and therefore the tetragonal distor- 
tion vansihes and the ion now experiences a cubic crystal field* 

On raising the teirperature further the lattice starts 

expelling the Mn imp\u:ity., which on reaching the crystal surface 
forms some complex due to its oxidation^ (most probably MnO) , and 
turns the surfaces black. The black material scraped from the 
surfaces was found to give a narrow line and with g-valuue close 
to that of DPPH with almost constant line width in the tesrperatur® 
range LNT to 600K, Since DPPH, normally used as field marker at 
lower- than ambient, is not stable above 373K, the 
black material expelled out from the crystals could prcivide 

an alternative field marker in the tenperatxire range LNT to 60)^4,! 

IV,. 6 ION VACANCY MCXiEL IN LIGHT OP TEMPERATURE VARIATION 

The ion vacancy model M-V200 found consistent with 
angular behaviour of the EPR spectrum at RT (NaCl structure) 
preserves its symmetry even at lower temperatures where the ' 
lattice is believed to have CsCl arrangement, Therefoce. the 
position of the vacancy should be along the lines jf>4ning tlip 
central metal ion to the nearest cation sites. As there Is a 
rearrangement of the nearest neighbours of cations and the oo&r-m 
dination number changes from 6 to 8, the ion-vacancy pairs will ' 
also be rearranged in ^ such a way that the syimnetry of the cryar- 
talline field is preserved even after the rearrangement. Thus 
the possible ioKt-vacancy pair in the CsCl arrangement is Mn^*^ 



substituting at the body centred position in one cell while the 
cation vacancy is at any of the cation sites at the body centred 
position in the adjacent cells. Each site has six nearest 

neighbour cation sites where a vacancy can be created for charge 
condensation. This model also allows the possibility of three 
types of magnetically equivalent centres but with different 
orientations. As no drastic changes have been observed in the 
EPR spectrum around the estpected phase transformation <NaCl--^CsCl) 
the nature of ion-vacancy pair seems to be the same in both the 
phases viz. I (NaCl) and II (CsCl) with a similar type of distor- 
tion in both the phases. This observation seems to indicate that 
in NH^l the distortion of the crystalline field from cubic to 
tetragonal largely depends on the nature of ion— vacancy rather 
than on the coordination of the metal ion. 
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TABLE IV. 1 

SHP of Spectrum at RT (300K) 


Parameter 

From X-band Spectrrom 

Prom Q-band Spectrum 


2.0014(5) 

2.00037(8) 

%. 

2.0028(5) 

2.00040(8) 

b®(=D) 

-1611(2) G 

-1612(1) G 

^4 

6(2) G 

3(1) G 

lAl 

90(1) 

88.5(5) G 

{bI 

90(1) 

89.5(5) G 

Q 


0.55(5) G 


TABLE IV. 2 

Observed and calculated transition fields 

transitions at Q-band, 

for allowed 

fine 

Transition 

1? parallel 

to Z axis (8=0^) 


parallel to 



Observed 

Calculated 




“s W “s 

(Gauss) 

(Gauss) 


(C^USS) 

(Galtes) . 

2 2 

6061(1) 

6060.5 


15873(1) 

15872.$ ; 

2. w i 

2 2 

9260(1) 

9259.3 


13774(1) 

13773.$- 

1 

X 

12500(1) 

12499,9 


12104(1) 

121Q3,S 


15740(1) 

15740.7 


10722(1) 

10721*0 

3 V ' 5 

18940(1) 

, 18939,5 


9550(1) 

9551.7; 







TABLE IV. 3 


Observed and computed* transition fields for the hyperfine transi- 


tions 

( <iimi = 0) of central fine 

structure groups C 

and H at Q-band, 

mi 

Group C 

(9 0°) 

Group 

H (© = 90°) 

Observed 

(Gauss) 

Carputed 

(Gauss) 

Observed 

(Gauss) 

Caipub^ 

(GaxiSss) 

+5/2 

11904.0(5) 

11904.52 

• 12298.0(5) 

12298.1 

+3/2 

11993.0(5) 

11993.33 

12386.0(5) 

12386.2 

+1/2 

12082.0(5) 

12082.15 

12474.0(5) 

12474.0 

-1/2 

12171.5(5) 

12172.0 

12562.5(5) 

12562,8 

-3/2 

12261.5(5) 

12262,25 

12651,5(5) 

12652*0 - 

-5/2 

12352.0(5) 

12353.0 

12741.0(5) 

I2742[4fc' 


*The transition fields were ccxrputed by diagonalization of ' 

SH matrix (36x36) on ccxrputer. 
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TABLE IV, 5 

Experimental and theoretical values of JU. for several values of 
angle 6, 


9- (degrees) 


M- exDt. 


rshhh 

0 


1.0 


1.0 

2 


0.98 


0.9880 

4 


0.95 


0.9561 

6 


0.90 


0.903 

8 


0.83 


0.8332 

10 


0.74 


0,7480 

12 


0.65 


0.6534 

14 


0,55 


0.5534 

16 ' 


0.45 


0.4531 

18 


0.35 


0.3577 

20 


0.27 


0,2723 


TABLE IV. 6 



Observed and ccxnputed* transition fields 
at RT. 

of X-band EPR spectmam 


9 = 

9 

« 

JL UXOlI •-*1— i 

M M* 

S S 

Obseirved 

(Gauss) 

Coirputed 

(Gauss) 

Observed 

(Gauss) 


-5/2 ) -3/2 

Not 

observed 

Not 

possible 

6671(2) 

1 IJ|t t 

6672;4^' 

-3/2<r-J -1/2 

Not 

observed 

0.70 

Not 

obsesved 

pms^^ 

-1/2 H +1/2 

Not 

exactly 

known 

3253.4 

3000(2) 

St 

300i'i^3' 

+1/2 4Tf +3/2 

Not 

exactly 

known 

6506,22 

1650(2) 

1€50.« 

+3/2 +5/2 

9675(2) 

9675,01 

1376(2) 

1379.0 







*The transition fields wers calculated by exact numerical' 
diagonal! nation of SH .matrix (6x6) on a computer. 







TABLE IV. 7 


TABLE IV. 8 


Calculated and observed positions 
of 11 observed hyperfine peaks of 
group B (X-band spectrum Q = 0*^). 

Values of parameter jb® (=D^ 
at several terrperatures . 

Observed 

(Gauss) 

Calculated 

(Gauss) 

Temperature (K) Gauss ) 

6055 (2) 

6065 

473 

1488 

6100(2) 

6110 

433 

1525 

6174(2) 

6179 

393 

1558 

6250(2) 

6252 

353 

1583 

6275(2) 

6285 

300 

1612 

6410(3) 

6410 

273 

1620 

6410(3) 

6419 

233 

1635 

6522 (2) 

6522 

193 

1645 

9 . ■ 

6618(2) 

6618 

163 

1659 

6703(2) 

6708 

133 

1668 

6765 (2) 

6765 

93 

1686 



88 

1690 



77 

1700 








'.,^:£^1A\1'“ i^Z'. 
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CHAPTER V 


EPR STUDY OP IONS DOPED IN NH^I SINGLE CRYSTAL* 

2 + 

Abstractj EPR study of Cu -ions in NH^I lattices in all the 

three phases viz, NaCl, CsCl and PH^I-tetragonal has been carried 

out. Three distinct species of Cu^"*" centres were identified in 

24 *" 

NH^I crystals grown under different conditions, i^ecific Cu 
centre can be selectively produced by judicious control of growth 
conditions. The results of EPR study in temperatxire range 573 
to 77K are presented in this chapter. 

The apgular variation of the EPR spectra shows that all 
2+ 

the three types of Cu centres show tetragonal syinmetry of the 
crystalline field with {iOq] or equivalent directions as 
tetragonal axis. The terrperatiire variation of EPR spectra and 
SHP show distinct ancmalies around 250K and 'V 230K which are 
attributed to the- structural phase transition of NH^I aroiihd- 
these tenperatures. 

The 'g and 'A tensors are highly anisotropic and terrper^ture 

dependent. On the basis of observed fact that g> > g > 2, a 

2 2 + 

predominantly dz ground state for Cu ion is assumed. At ele-** 

2 + 

vated tenperatures Cu impurity is expelled out from NH.I crys- 
tals at GjSOOK. The spectra due to all the three types of Cu 
centers get smeared out around 500K, The spin Hamiltonian 

analysis, discussion on SHP their temperature dependence and 

2 + " 
tentative models for Cu centres are presented. The hypothesis 

of coexisting NaCl and CsCl phases below phase transition also 

reviewed in the light of the temperature behaviour of EPR spectra. 


*Part of the contents (RT X- banjd study) of this chapter has been 

published in Chem, Phys, Lett, Jg, 3Q9 (1982) 



V. 1 INTRODUCT I ON 


The ammonium halides have attracted a large number of 
workers for last many years. The reasons have been two fold. 
Firstly they offer an opportunity to study charge compensation 
mechanism when doped with divalent impurities as a simple exten- 
sion of such studies in isostructural alkali halides. Secondly 
their various polymorphic modifications at different temperatures 
and the effect of various factors like pressure, impurity etc., 
on the nature and transition temperatures of phase transformations 
have been of great interest in the recent past. Both of the above 
mentioned studies can be carried out by EPR studies in single 
crystals dqped with transition metal ions. In the recent past 
such studies have been carried out for divalent copper dqped in 
NH^Br^^'^ and NH^C1^“^^. No EPR study of copper in the 
remaining ammonium halide viz. NH^I has so far been reportedy,;;. 
except our RT results^ Further, NH^I is of particular ' 

because its room temperature (RT) structure (NaCl-type) is diffe—'.. 

1 3—1 5 

rent from the RT structure (CsCl-type) of NH^Br and NH^Cl » 

We have carried out a detailed EPR study of copper doped in 
in the terrperature range 550K to 77K, 

V.2 EXPERIMENTAL RESULTS 

2 + 

The EPR spectrum of Cu doped in NH^I single crystal for 
|in arbitrary orientation of magnetic field IT in (001) planes is 
found to be complex. The nature of the EPR spectra and their 
angular variation show the presence of three types of magnetically 



nonequivalent paramagnetic centres henceforth designated to be 
as I 2 / ^^4 snd III (Pig. V.l), The relative concentrations of 
these three distinct types of centres were found to be different 
in crystals grown under different conditions. For example crys- 
tals grown from mother liquor containing urea as habit modifieip, 
mainly two types of centres (I 2 and II 4 ) were present, the third 
type if at all present must be too small in number to give an 
observable EPR spectrum at RT. But in crystals grown without 
urea frcm solutions which contained Cr^'*' ions as growth aid tte 
third type of centres were sufficient in number to give an obser- 
vable spectrum. It was also observed that the crystals grown 
around 340K contain only centres I 2 (Pig. V,2), By growing the 
crystals '^293K or even lower temperatures, mainly II^' type of 
centres were found to be present. The remaining type of centres 

were found in high relative concentration in crystals grown with 

3+ . . . ‘ . 

Cr ion as habit modifier (Pig, V,3’). The crystals grown from 

mother liquors to which either few drops of solution or few 

drops of concentrated HI were added, gave spectra identical to 

those from crystals grown at the corresponding growth tenperature 

without the addition of acid or NH^-solution, Thus unlike NH^Cl 

(salammoniac) where the pH of the growth solution affects the 

type of centre incorporated®^'^ in NH^I,pH seems to have no effect 

on the type of magnetic centre incorporated in the crystal lattice 

We shall now present the esqperimetital results for these types of 

centres separately. 



(a) Centre ^2 ' been mentioned earlier that^ crystals 

grown above 350K contained only one type of centre (^ 2 ^* The 
angular dependence of the line positions and intensities of the 
resonance lines revealed that the spectrum due to centre 12 ^® 
a combination of three types of spectra. In case when H is 
oriented in planes parallel to crystal faces i.e, (100) or equi- 
valent planes there are three components of ^he spectrum one of 
which is angular independent in positions but shows angular 
dependence in intensity due to overlapping of other ccxiponents 
over it. This spectrum will be referred to as (X-Y) -spectrum for 
reasons discussed in Chapter IV in the case of Mn :NH^I because 
the symmetry of EPR spectrum is same. This component of the 
GCM^plex spectriim is due to those centres whose magnetic axis 

lie in the plane under consideration and is their X-Y plane. For 

/ 

axial symmetry X and Y axes are indistinguishable and may rather 
more conveniently be referred to as x axes. Thus the (X-Y)-spec- 
trum is scane times referred to as X -spectrum. The 
components are identical but are out of phase by 90° from each 
other. For example when static magnetic field H is oriented say 
along [lOO] in (001) plane then one of the c exponents exactly 
overlap with , the J^part and the second show a maximum g-value 
position with maximal spread in hyperfine structure. The latter 
will be referred to as 3-spectrum or y-spectrum while the former 
as (X/Y)-Z spectrum. When H is rotated away frc«n [10(3 towards 
[bial these two components move towards each other, cross over 
and interchange their respective positions when 1? orients exactly 



along jjOlOj , This behaviour clearly indicates that there are three 
types of magnetically equivalent but differently oriented magnetic 
centres. The Z-axes of the internal electric crystal fields acting 
on the Cu ions are directed along the edges of the cubic cell. 

The X/Y axis of the crystalline field also coincides with the 
crystallographie axis. Therefore in an orientation of H |( to one 
of the crystallographic axes, H will be simultaneoTosly \\ and X the 
Z-axes of the differently oriented but otherwise equivalent centres. 
In Pig. V. 2 the RT spectra due to I 2 type of centres aare shown. In 
(110) plane the over all symmetry of the spectrum is two fold and 
along the direction [ill] all the complexes belonging to species 
I^ become equivalent and only four lines are observed. In general, 
the line width in the Z-component of EPR spectrum is of the order 
of 35 G. while higher concentrations of doping (o.l% by weight) 
resulted in larger line widths. The _L part comprises only a single 
strong line with a width --u 95 G, Neither resolved hfs due to the 
isotopes of copper nor the shfs due to ligand Iodines would be 
observed. 

(B) Centre II^ : The salient features of spectrum II^ are identical 
to the spectrum due to centres I 2 with the difference that in 
the former the hyperfine structure is well resolved for both the 
1 1 and the J_ parts each of which comprises four hyperfine lines. 
This spectrum is also a super position of three individual spectra 
which will be designated just as for centres I 2 , In this case 
also no copper isotopic resoUtfaon and no shfs due to ligands 
were observed. The line widths in this case were found to be • 
slightly smaller ('v 30 G) . To obtain well resolved spectra low 



*^*^Pper concentrations (*>#,05% by weight) were found suitable . 

In crystals which contain both and II ^ centres the 
sPectra due to both types of centres overlap and some of the lines 
®^etlap exactly giving larger peak to peak height and larger line 
'^^dth. Fig, V, 3 shows spectra at RT due to different sanples | 

9’t‘own under different growth conditions. The growth tenperatures ' 
lower than ambient were found favourable for the creation of II^ 
of centres. It is to be noted that in crystals .grown at 
**1^2 9 OK by carefully controlled evaporation and with Cr^^ ions as 
9’bowth modifier the centres I 2 are ccxnpletely absent. In crystals 
^Pown from solutions containing both Cr^"^ ions and urea additives 
S'hd kept at 300K and from solutions containing only urea and 
^^Pt at -v318K, all the three types of centres are present with 
©hough concentrations to give the EPR spectra. 

Centres III : The spectra due to centres of type III are 
9iven in Fig, V, 4, It may be mentioned here that the crystallo- 
^Paphic axes coincide with the crystal field axes for this centre 
like the other two centres I 2 and The characteristic 

features (viz. symmetry^, nimber of component spectra/ line widths 
of the EPR spectra of centre III are similar to those of I 2 
^hd ii^. The important difference, however, are as follows : 

The II • component i.e, Z-spectrum of centre III at RT is not 
resolved unlike the Z-spectrum of centres I 2 and II^.^ The 
P^^hallel corrponent of centte III ccarprises a single line with a 
width of ~.50 G. 


(ii) Unlike the J^^spectmm of centre I 2 ^the Jt,-ccfnponent of 
centre III spectrxam is well resolved like J^spectjmm of centre , 
and mostly overlaps with it. 


V. 3 SPIN HAMILTONIAl'il ANALYSIS' 

General methods for determining g and A tensors have 
already been discussed in Chapter II. As mentioned above all the 
three types of identified centres give EPR spectra revealing axial 
syinmetry. The usual spin-Hamiltonian with axial syrranetry^^^^'^ : 




+ Q‘ CI 2 - 


(V.l) 


with S 


I = ■g’ and with the notations g. = g^ 


2 ^ ^J- 




A = A < and B = A„ =. A^, y has been used to describe the main ' 
featiires of the observed EPR ;^eetra for the three types of 

18 

centres. The above spin-Hamiltonian has been solved by Bleany 

17 16 

and discussed extensively by Low and Abragam and Bleany 
carrying perturbation theory to second order. The resonance values 
of transition fields for two simpler cases 6 ?= 0° i.e. "h” Z-axis 

O 1 7-» 1 C 

and ^ = 90 i.e. H X Z-axis are readily available in literatiire, ” ' 


Initial estimates of the spin-Hamiltonian parameters were 
made by solving the eight expressions for resonance fields as 
simultaneous equations by a least squares programme available in 
the computer library of dec system-10 ccxnputers. These parameters 
were then used for. a computer dlagonalization of the complete 
(8x8) matrix using a computer programit® based on the standard 



Jacobi method. The parameters were next refined by an iterative 

computer programme to give a minimum least squared deviation (LSD) 

in the computed and experimental resonance fields at suitable 

intermediate angles. The angular variation of the resonance fields 

was computed by a conplete diagonalization of the (8 x 8) spin- 

Hamiltonian matrix on coirputer and matching the corresponding 

energy levels v/ith the microwave quantum i.e. J E. -E-l -• h V C 

1 ^ 

where 0 is the tolerance limit for energy mismatch. The observed 
spectra were analysed using the method mentioned above and the 
best fit parameters thus obtained from the analysis of RT spectra 
for the three types of centres are given in Table V, 1. The angulab 
dependence of resonable fields at RT in (100) plane is shown in 
Pig* V,5 for all the type of centres. The very good fit, of the 
experimental points with the ccmputed curves jiostifies the ade- 
quacy of the spin-Hamiltonian (V. 1) used for the description gf 
the EPR spectra for Gu^'*' in crystals. 

V.4 MODEL FOR MAGNETIC CENTRES ■ 

* 2 0—23 1 —1 1 

Earlier work on alkali halides and ammonium halides 

has shown that the divalent inpurity ions could individually go 
in substitutlonally, interstitial ly, in clusters or as precipi- 
tates. The vacancy created to maintain the charge neutrality of 
the crystal could be a close neighbour of the divalent Impurity 
giving rise to associated vacancy-ion pairs or it could be far 
away from the divalent inp'urity. The symmetry of the observed 
spectra helps in identifying the type and structure of the centre. 



2 + 

The obseirved syirmetry of the spectra in the present case of Cu 

doped NH^ I can be explained by the following models for charge 

compensation (Fig, V, 6) : 

2~i~ 

(i) The Cu goes snbstitutionally for NH^ and gets associated 

with a cation vacancy at one of the second neighbour sites# which 

2 + 

corresponds to centre and will be designated as Cu -7200 

2 ~h * 4 " 

(ii) The Cu goes substitutionally for and gets associated 

with a vacancy at one of the foxirth neighbour cation sites which 

2+ 

corresponds to centre and will be designated as Cu -V400, 

2 "f* *4" 

(iii) The Cu. goes substitutionally for and two adjacent 

axial ligands (Iodine ions) from the surrounding octahedron 
(i.e. any two adjacent Iodines marked from 1 through 4 in 

Pig, V. 6) are replaced by son® negative in^iority li]<B OH"" anions 
or two apical (5 and 6 in Fig, V, 6) Iodines are replaced by 0H“ 
anions. The overall charge conpehsatlon may be achieved by 
vacancy far away frcxn the ccxrplex. Presumably this may corres- 
pond to our centre III, 

All the three models proposed above tentatively# permit 

the existence of three axially symmetric magnetic centres which 

are otherwise equivalent but have different orientation relative 

to each, other. All the three axially symmetric magnetic centres 

are further magnetically doubly degenerate as has been mentioned 
2+ 

earlier for Mn :NH^I in Chapter IV, There are thus six axial 

2 + 

centres. Fig, V,6(b) shows that the ccxiplex pairs like Cu -V200 
and Cu^'*'-V2’00 or Cu^''’-V400 and Cu^'^-V400 are magnetically dege- 
nerate due to their indistinguishability from EPR spectra. Thus 



in each model there are three eqxially probable magnetically non- - 
generate centres with one of the cxobic axes as the Z-axis and the 
remaining two cubic axes as X and Y axes (the last two being 
indistinguishable here). Therefore when the magnetic field is 
oriented H to riool direction it is { | "to the Z-axis of one third 
of the centres and JL to X/Y axis of the remaining two thirds of 
the centres. This explains the observation of a j| and a _L part 
of the spectrum when 1? is oriented along a. cube edge and the fact 
that the X part is more intense (theoretically twice). In 
Pig. V. 7 it has been shown that if Z^-Z2 ' ^-^3 P^3.nes 

represent the planes parallel to the crte faces, then for an 

♦ 

orientation (H, 0, 90^) in 2^-2^ plane there shall be three 
different characteristic spectra corresponding to three oriental 
tions of 1? with respect to three sets of axes viz. (X^ , Y^^ , 2^), 
(X 2 / Y 2 t and (X^ / ^3 / 2^) out of which two will coincide 

with each other for either 0 = 0*^ or 0 = 90°, while in an orien- 
tation of H direction all the three characteristic spectra 

will be exactly identical and will in general ccmprise four hf 
peaks. This is consistent with the experimental observation. 

The centres associated with second or fourth neighbour 

vacancy are consistent with our models for I 2 and II^ and also 

2+ 

have earlier been characterized for Mn in alkali halides with 

* 21-2S 

NaCl structure , while models similar to our model for 

center III have been proposed for Mn in LiP and NaP . Our 

tentative models are based only on EPR results and need confirma- 
tion through other studies. For example the association of OH"” 



inpurity with the centres can probably be explored by cptical i 

absorption spectra and other non— EPR studies'^ . 

V.5 DISCUSSION ON THE SHP 

The tensor and the hyperfine tensor are found to be aniso— [ 

' ' " I 

tropic as can be seen from Table V. 1, The hyperfine tensor is j 

t 

highly anisotropic for centres I 2 and III, It is expected that | 

the proximity of the cation vacancy to the dipositive ion or asso- 
ciation of comparatively smaller size OH” with the dipositive ion 
will cause large tetragonal distortion. The extent of tetragonal 
distortion is probably reflected in the extent of anisotropy in 
the hyperfine tensor i.e, AA(=(A-B)). Therefore.^ in our models 
assigned to centre I 2 and II^ since the associated -^icy is respec- 
tively at the second and fourth distant cation sites along cubic 
axes, the anisotropy in hyperfine parameter for centre I 2 is j 

expected to be larger than for II^. The calculated values of A 
and B for both I 2 and II^ thus support our models (Table V, 1), 
Similarly the anisotropy in hyperfine tensor for centre III is 
also expected to be large which is consistent with the calculated 
values of the parameters A and B for this .centre. It is rather 

surprising that ion-vacancy pairs associated with vacancies at , 

1/2 3/2 

sites farther away by factors 2 ' and 2 ^ conpared to the neatest 

available sites for centres I 2 end II^ respectively are favoured, 

2 + 22 

But the study of Mn in NaP has revealed the presence of above 
type of centres and the centres associated with a fourth distant 
vacanc;^ was found to be more favourable and stable. Our experi- 
ments with crystals grown at different terrperatures reveal that 




reasonable values for P, however^ for the choice A/B >0, the 

2+ 

value of -PK has a sign opposite to that for free Cu and for 

most of the other copper complexes. The possibility of "k < 0 can 

not be ruled out since detailed calculations on the free ions 

show that the contributions to k from Is, 2s, 3s, and 4s electrons 

3 8 

are about the same in magnitude but different in sign . A simi— 

2 + 

lar sign-change has been reported for centre I for Cu in NH^Cl 

8 7 

by Hagen and Trappeniers ' . They have discussed the role of 

admixture from 4s orbitals and covalency and have justified that 

for the d ^ ground state the admixture from 4s orbitals can 
z 

produce such large changes in k - that a change of sign of (-PK) 

2+ 

from that in other Cu complexes with ground state d 2 2 

possible. For a d 2 2 state d-s admixture is ruled out 

X -y 

■ in the first order, 

-3 

A comparison of P, -PK and <r \ values obtained for the^e 
centres with their respective free ion values shows that the 

choice A/B > 0 for centre does not yield reasonable value of 

- 3 

P, PK and <r _) . For centre III both the choices A/B 0, at 

— 3 ^ 

RT give reasonable values of parameters. The values of (r ) 

at RT are rather low compared to the estimated free ion value 

—3 

thus indicate that there is a diminution in <_r) in the solid 

state, which is often attributed to the bonding effects^^' As 

has already been mentioned that the observation g^^ > 2 for all 

the three centres indicates some admixture of d ^ 2 

X -y 

predominarrtly d ^ ground state. For a rigorous analysis, the 

• T ^ 2 + 

admixture and the detailed interaction of the Cu 


ion with the 



ligands / should be accounted for. A wave function of the form : 


Cl/^) = C^ld ^2 >+ Cj |4s> =3 ‘>- ligands' •* 

for the ground state should be used for calculation of SH para- 

2 + 

meters. For want of optical data for Cu in no analysis 

of the so called "vibronic-admixture" is possible in the present 

case. Strong bonding along the Z-axis can be promoted through 
40 

d-s mixing . As the strong d-s mixing is expected for centre 

2 + 

due to -PK > 0, a strong bonding between the Cu ion and one 

NH^ along ion-vacancy line is ejgjected. The unresolved (si^er— 

S3 

hyperfine structure) from iodine and unresolved hfs from Cu and 

S 5 + 

Cu isotc^es and perhaps the rotation of in the NaCl struc- 

ture of NH^I are the chief causes for the observed large line 
widths, , „ 

V.6 TEMPERATURE DEPENDENCE OF THE EPR SPECTRA ■ 

The teirperature dependence of the EPR spectra frcffn I 2 ^ 
and III centre over the temperature range 573 to 77K, the spin 
Hamiltonian analysis and the consistency of the models will be 
presented in this section. The results in the two ranges viz, 

(i) 300 to 500K (High teirperature study) and (ii) 300K to 77K (Low 
temperature study) x^Iill be discussed separately, 

(a) High Temperature Study 

Fig. V. 8 shows the temperature d^endence of EPR spectra 
f or parallel to one of the crystal edges i.e. 0-0(3 f ream a 
crystal which contained all the three types of centres with 


different relative concentration, A relatively v/eaker spectrum 
due to I 2 indicates that this type of centres are much less in 
the sample under study. The intensity of the spectra is found 
to vary with terrperatiire. The line widths for all the thi^ee 
types of centres have- been found to increase with tenperature. 
This observation is contrary to the observation of decrease in 
line widths at high temperatures for Mn in NH^I (Chapter IV), 
The g. A, and B parameters also show a tenperature dependence 
(Table V.l). The line width for centre III [ -spectrum is-v40 G 
at RT (300K) and it becomes 10 G around 433K. The line widths 
for centres I 2 and II^ i{ -spectrum also increased frcxn -^35 G at 
RT to 45 G around 433K, It is noteworthy that the spectrum due 
to centre III starts diminishing in intensity much faster than 
the spectra due to I 2 and II^ and around 443K the spectrum due to 
III almost vanishes (Pig. Vi 8). At teirperatiires around 473K 
spectirum due to II^ also disappears completely and only very weak 
traces of the spectrum due to I 2 remain. At 500K no EPR spectrum 
is seen due to any of the three types of centres. On cooling 
from 500K back to RT the changes are found to be reversible. But 
if the sanple is heated over and above 500K it begins to lose its 
bluish colour and starts turning into a powder. Therefore on 
cooling back the observed spectrum contains an additional part 
due to a small part of the crystal turning into polycrystalline 
form. The clear part of the heated sample, at RT, gives spectrum 
identical to an unheated sample. It is also observed that if the 
samples are heated at 500K for a long time/ seme of the copper 


±mpiirity is expelled out from the volume of the carystal. Due to 
this expulsion of impurity over to the surface, the crystal lose^ 
its transparency which can be restored by polishing the crystal 
surfaces. Due to the expulsion of irrpiirity a broad signal due to 
cluster or aggregation of expelled copper impurity is superimposed 
on the normal spectra and is observable when samples heated for 
a long time at 500K are cooled back to RT, 

s 

When samples containing mainly centre I 2 were heated above 
RT it was observed that this centre is 'more stable ccxi^ared to 
and III, The spectra due to I 2 could be observed clearly even 
up to 473K, The whole sairple was destroyed irrerversibly on 
heating around 523K, 

(B) Low Tenperature Study 

For low temperature study different sarrples viz, those 
containing only I 2 centres, those containing mainly II^ and III 
centres or those containing all the three centres in conparable 
concentrations, were selected. Most of the spectra were analysed 
for if along Z-axis i.e. Tf oriented parallel to one of the crystal - 
edges. It was observed that the tenperature dependence of the 
spectrum was different for different thermal processes depending 
on the rates of cooling or heating, number of repeated cycles and 
on the direction (heating or cooling) in which the terrperatxire 
was changed prior to the recording. The important results of the 
temperature dependence of the EPR spectra below RT will now be 
described for the three types of centres separately : 



(i) Centre : The intensity and line widths of the { | -part at 

RT show slxg-lnt dependence. As the temperature is lowered below 
RT there is a slight variation in the over all spread of the ||- 
and the _i-— part of the spectrum. The intensity of the peaks also 
increases with the lowering of the temperature of the sample. At 
a temperatuLr-a around 248K. which is found to be very sensitive to 
the thermal history and rates of temperature variation the spectra 
show drastic changes. At this temperature both the parts ,/{ as 
well as i_ show sudden increase in their spreads. Afterwards the 
rate of increase in the spread is quite large. Over a temperature 
range (^248 to o. 220K} and then becomes slow down to LNT. The 
line widths of 1 1 -part are m^ dependent at LNT, but the lines are 
narrower by ^5 g at LNT compared to those at RT. At LNT the ^ 
highest field line of the |( -part is asymmetrical and shows some 
under-resolved structure on it (Nig. V.9). 

The temperature at which drastic changes start in a cooling 
experiment has been' found to very from 254K to 243K depending upon 
the rate of cooling and the previous history of thermal processing. 
Cooling at rates much faster than 5K/hour lowers the transition 
terrperature drastically. Both during the heating and the cooling 
cycles for rates much faster than SK/hour there is' no abnjptehange 
in the spread or position of /| or I. part of the spectrum as' we 
pass through the reported transition ten^erature T^ (/V256K). The 
abrupt change occurs at temperatures different from 256K typically 
around 260K in a heating cycle and around 243K in a' cooling cycle. 
Xhe tenperature dependence of the ERR spectrum of centre is 



very sensitive to thermal, process and is accompanied by a thermal 
hysteresis which is also sensitive to the width of thermal cycle* ' 
the rates of cooling and heating and/ the nimber of repeated 
cycles. The hysteresis is found to increase with increasing 
number of repeated cycles through transition tenperature. Below 
transition tenperature thej_ part show much more drastic changes 
and the single broad line gets resolved into four. The line widths 
of the \ .-part are ■o^30 G. The tenperature dependence bf A 
and B are shown in Fig, V, 10 and V, 11, 

Usually no drastic changes were observed on passing through 
the reported transition temperature T 2 ('t'2 32K) , In some cases 
when the sample was precooled at LNT for long time (\p)to 2 or 3 
days) and the sanple was warmed carefully at sufficiently slow 
rate, marked •changes occured around 230K in the width of the 
spectrum. After passing through this tenperature, subseguent 
cooling did not show similar changes around 230K. In most of the 
experiments, the changes in the spread of the spectrum and posi- 
tions of the peaks were much more pronounced between 263K and 223K, 
Below 173 k and above 263K the changes were relatively slower. Due 
to various constraints we could not perform repeated experiments 
with the same samples at rates slower than or equal to-vSlVTiour, 
However, it has been observed that at rates of h/ 41'^/hour for a 
thermal cycle between RT and 223K, by carefully, maintaining a 
one way change reduced the width of the theimial hysteresis in the 
values of |A| and (B| by considerable amount - nj 5K for a typical 
cycle shown in Pigs. V,12 and V, 13, In Pig, V. 14a the tenperature 



dependence of a part of the X-spectrum is shown both for a 
heating and a cooling experiment. In Pig, V. 14b X i-part of 
spectrum is shown partly at seme teirpe natures on a warming experi- 
ment with a sample precooled for two days at LNT. The marked 
changes at 229, 5K can be seen clearly. The SHP at LNT are tabu- 
lated along with SHP at rocm temperature and higher tenperatures 
(Table V. 1). The over all symmetry and axes of the spectra were 
consistent with their RT counter parts. The angular variation 
of the spectrum at LNT is shown in Pig. V, 15, 

(ii) Centre and III ; It has been mentioned earlier that no 

crystal could be grown incorporating only II^ centres indepen- 
dently. The tarperature variation of this type of centre was 
studied in sarrples containing mainly centres II^ and partly 
centres III, The results of tenperature dependence for these 
two types of centres are therefore presented together in what 
follows. The dependence of the EPR spectra on thermal processing 
and the paths followed in a cooling and heating experiment, are 
more or less the same as mentioned earlier for centres I 2 . The 
spectra frem centres and III also showed drastic changes 
around 250K and this is so called transition terrperatxire 
depended on the path followed (i.e. cooling or heating), rate of 
cooling and previous history of thermal processing. Noticeable 
changes in the spectra frem centres II^ and III were observed 
A>231K (near the so called A —transition). The changes around 
231K were clear for centre III when a sample precooled for 8 hours 
at LNT and was cautiously warmed rp through 2 31K undirect ionally* 



An anomaly is clear around 231K in the hyperfine constant A of 
centre III as shown in Pig, V. 16, The observed tenperature 
dependence of the SHP for and III in typical experiment are 

shown in Pigs, V, 16 through 19 and the spectra due to them at 
LNT are shown in Pig, V. 4, The important features of the sp®::tra 
from centres II^ and III observed on lowering the teirperature of 
the samples are' as follows t 

(a) The H -part of spectrum due to centres III, which comprise 
a single line (A/ 50 G p-p) due to unresolved hf structure at RT 
gets resolved into four hf lines below ^ 250K, which depends on 
the thermal process to some extent. The line widths of the 
resolved hf structure in ^|-part of III are of the order of 15 G 

■ m- 

at LNT. The line width of J_ -part of III at RT is G ar^d' ’ 

increases as the transition tenperature ( 253K} is approached. 
Consequently derivative heights also decrease. But as the 
transition tenperature is crossed over, the trend in the change 
in line widths and derivative heights reverse and line widths 
become 25 G p-p at LNT. The spread and position of / ^ -part and 
,l -part of the spectrum due to centre III also show a tenperature 
dependence with seme anomaly around 'V 25 OK, 

(b) For spectrum due to centre II^ the line widths are practically 
same f rcsn RT down to LNT, Ihd ^ - part did not show any drastic 
t^perature dependence while the H -part was observed to show a 
rather large temperature dependence, with clear cut anomalies in 
position (g — value) and spread ijk value) aro\and the two reported 
transition terrperatures (Pig, V, 18 and Pig, V.19), The changes 



around 231K develop rather occasionally and the changes around 
250K are highly sensitive to thermal processing and are acconpanied 
by large thermal hysteresis. 

In the temperature range 500 to 77K the over all symmetry of 
the spectra frcxn all three centres are found to be the same i.e, 
tetragonal within the experimental errors. Thus the angular 
behaviour at LNT (Fig. _V.15) is similar to that described earlier 
for RT. The temperature dependence of EPR spectmm in (110) plane 
is also shown in Pig, V. 20 and it can be seen that there are 
definite changes in the EPR spectrum around 250K. The spectrum 
due to polycrystalline sanples (crushed powder) also have been 
recorded in the tenperature range 500 to 77K, The powder spectra 
were not well resolved even at LNT and no useful dr additional 
information could be gathered from the tanperature, dependence of 
these spectra, 

V.7 SH ANALYSIS AND DISCUSSION 

The SHP v/ere calculated by using the spln-Hamiltonian (V 1) 
and the spectra for H \\ |100J or equivalent directions. At IITT, 
the SHP were refined for best fit of angular dependence as 
mentioned earlier. The SHP at scsne temperatures above RT, at RT. 
and at LNT where they were found to be independent of thermal 
processing are tabulated in Table V, 1, A typical tenperature 
dependence of EPR spectra below RT is shown in Pig, V, 21, 



The tenperature dependence reveals definite anonalies in 
SHP at tenperature around the reported transition tenperatiires 
T^^ 256K (NaCK — >CsCl) and ^' 2 '^ 231K (CsCl-^->tetragonal) , These 
anomalies in the terrperature dependence of SHP clearly indicate 
the occurrence of structural phase transformations arourai these 
temperatures. These are also supported by observation of ancana— 
lies in line widths and in some cases in the derivative heights. 

A stbuctural phase transformation starts taking place around 253K 
if the sanples are cooled undirecti onally at a rate ofru4K/hour. 
The dependence of the transition temperature on thermal process- 
ing and previous history throws some light on the nature of the 
phase transition taking place from disordered NaCl— type of dis- 
ordered CsCl-type. The following points may be mentioned about 
the nature o£^ phase transitions revealed by the observed teiipe— 
rature dependence. . 

(i) The NaCl phase may be supercooled below the transition 
temperature T^ (^^256K) at least down to 243K and the degree of 
supercooling depends on the thermal process, 

Cii) The anomaly in SHP as well as changes in the EPR spectruin 
reveals that this transfoianation is rather sluggish if tempera- 
ture is varied very fast^ though in most of the literature this 
transformation has been reported to be of first order. However^ 
if the transformation was of first order it should have been 
reflected in the EPR spectra through large anomalies at the 
transition temperature. But the observed behaviour of the 
temperature dependence shows ancmalous behaviour over a rather 



wide range of tenperatnres indicating that this transfonnation 
is rather sluggish. The transformation is' not ccanpleted just 
around the temperature where it act-ually starts. This behaviour 
indicates that below the transition tenperature the crystal is 
in a mixed phase containing regions of NaCl as well CsCl phases. 
This view is also consistent v/ith the observation of large 
thermal hysteresis acccxipanied by this transformation. Ctti 
reversing the cooling process the CsCl phase can be superheated 
above the transition terrperature and the process of establishment 
of an statistical equilibrium at a certain temperature makes this 
transformation also sluggish. This is supported by the observation 
that to get the changes conpletely stabilized at a particular 
tenperature especially between a/253K and '^193K rather long 
times K/ 1 hour) are required (Pig. V.9), 

(iii) The second transformation CsCl to tetragonal (PH^I) does 
not readily develop. In a cooling cycle from RT down to LNT it 
is never observed, most probably due to coexisting NaCl and CsCl 
phases and the domain structure may prevent the transformation 
CsCl to tetragonal. No large anomalies are observed around this 
tenperature as has been revealed by warming experiments on 
sanples precooled at LNT for longer times long enough that the 
tetragonal phase get stabilized in dominant proportion even if 
the domain structure exists down to LNT. The small changes 
observed around the transformation CsCl to tetragonal are 
expected because the tetragonal phase is nearly. CsCl-type and 
has a very small distortion frcan.the latter. Therefore in 



observing this transformation in a cooling experiment from RT to 
LNT the changes seem to be masked due to the coexistence of the 
upper two phases (NaCl and CsCl) , 

(iv) The centres I 2 and III are found to be more sensitive to the 
structural phase transformations. The marked changes in EPR 
spectra especially the _l_-part of centre I 2 and ||-part of 
centre III clearly indicate the onset of the structural phase 
transformation. This again supports the view that the centres I 2 
and III are associated with larger tetragonal distortions and 
therefoire changes in crystalline field environment are better 
reflected in their EPR spectra. 

(v) The transition teirperatures which in our case are defined as 
the tenperatures around which appearance of marked changes in EPR 
spectra are noticed most often in cooling or heating experim^'b® 
performed by' us with the slowest possible rates (4K/hox3r) are 
found to be lower by 2 to 5K than those reported by others. This: 
lowering of transition teirperatures is often , observed when defects 

2-t- 
are present xn a pure lattice. Thus the presence of Cu and ion 

vacancies may affect the transition temperatures to acme extent. 

The above mentioned points may be reviewed in the light 

of other reports on phase transitions in NH^I made by several 

workers and have earlier been mentioned in Chapter II Section D. 

Of special mention are those by Kamiyoshi'^^ (dielectric) and 

references cited therein, Grigorov et al^^ (NH^ItTl, Lumine^ence) 

43 44 

Sharp and Pintar (Relaxaticax) , Cauzi et al (Ramari) and Goyal 

45 

and Dasannacharya (Neutroa ^pattering). The results of 



are 


. 41 

Kamiyoshi give an idea as to how conflicting the r^orte 
transitions terrperatures are. 0?he transition tenpefatures 
reported on the basis of dielectric studies. by Kamiyoshi 

= 259, 5K and = 229K while those reported by others are^^ s 
Simon = 258. 5K, Bridgman = 255. 4K, Guillen = 294.5K^ 
Preymann = 2 39K (cooling) and 26 8K (warming). For X*±rradlated 
crystals the transition tenperatures were found"^^ to be 247K 

and = 22 IK. Out of large number of workers only Couzi et al^^. 
Sharp and Pintar^^ and Goyal and Dasannacharya^^ have specifi- 
cally taken accoixnt of the fact that the transition (NaCl<t— X^sCl) 
around 256K shows a large hysteresis and depends on the thermal 
history. Since NH^I lattice is very sensitive to thermal history, 
espa::ially in the temperature range 213K to 300K, great care must 
be taken in Interpreting any data on NH^I in this temperature 
range. The conflicting reports on transition terrperatuTes may be 
a result of overlooking this point. In their recent study of 
neutron scattering on NH^I in NaCl phase and CsCl phase, Goyal 

A5 

and and Dasannachar^'-a ' have unambigously shown coexistence of 
the two phases on passing through the transition tenperatirres in 
both cooling and heating cycles. Their data did show some evid- 
ence that the sample takes several hours to attain an equilibrium 
mixed structure*. The typical cooling and heating rates are not 
explicitly mentioned by Goyal and Dasannacharya but they do 
mention that these rates were faster than 5K/hour. In a typical 
thermal cycle an abrupt change in intensity or width of diffrac- 
tion peaks was observed by thaa at 243K and 27 8K in a cooling and 



in a warning cycle respectively. They also observed any marted 
changes in the diffraction pattern on passing through the transi- 
tion temperature T^ 2 32K) . Since the tetragonal distortion 

in phase III is reported to be very small it may very nearly be 
CsCl type and many experiments might not be able to distinguish 
in between the phases CsCl and tetragonal. It may be because of 
this that elastic neutron diffraction experiments of Goyal and 
Dasannacharya did not indicate the existence of phase III, 


Very recently Sharp and Pintar^^ made spin lattice relaxa- 
tion measurements on ammonium halides. In NH^I they have found 
a direct evidence for the existence of domains of both ordered 
and disordered type even below the order— disorder 
(NaCl + CsCl) ■— XpH^I) transition. From the non-exponential 
recovery of the proton magnetization between 20 3K and 163K for 
NH^I they have concluded that NaCl phase supercools and one 
obtains a mixed phase (NaCl + CsCl) below 203K. The existence of 
domain structure and the change in the domain size with teirperature 
were found strongly dependent on temperature and on the direction 
in which the phase transitioi^ was traversed. The authors found 
this to be responsible for the observed hysteresis. 


Our results of SPR study are thus consistent with the 
h3^othesis of coexisting phases and with the extreme sensitiveness 
of the NH^i lattice to the thermal history. The defects in small ' 
numbers have been found to lower the transition temperatures"^^ 
and are some times when in large numbers, reported to induce 
unknown additional stiHictur^l. traiisf ormation"^^ . 



V, 8 CONSISTENCY OF MODELS FOR CENTRES I2 / AND III 

AT LOW AND HIGH TEMPERAIURES 

As mentioned earlier the EPR spectra frcra the three types 
of complexes preseirve their symmetry and angular behaviour through 
out the temperature range of the present study. At temperatures 
above RT no structural phase transformation is observed so the 
models proposed for I2 / II^ and III consistent with their angular 
dependence are valid. As the spectjca disappear at scxne typical 
temperatures above RT, a dissor-ation of ion-vacancy pairs is 
expected and the magnetic centres are expected to be in rapid 
thermal motion (jumping between equivalent sites) which results 
in a smearing out of the spectra. On the basis of the observed 
behaviour centre I2 is found to be relatively more stable which 
is expected due to the proximity of vacancy and therefore a 
relatively stronger binding between the ion and the vacancy pair. 
In II^ and III the latter seems to be more easily dissociated 
compared to the former. This behaviour seems to be consistent 
with the proposed model for centre III, since it is easier to 
dissociate OH groi:ps associated with the metal ion as compared 
to the associated vacancies. There seems to be an inherent 
tendency of NH^I lattice to expel impurity (at least paramagnetic 
ions) at elevated temperatures (below decomposition) as discussed 

24 - 

earlier in the case of Mn doped NH^I in Chapter IV* 

Below RT NH^I undergoes two structural phase transforma- 
tions viz, NaCl CsCl and CsCl^ — > PH^I tetragonal). Now we 
will discuss how the ion vacancy-^palr for each centre reshuffles 



Itself to retain the tetragonal syinmetry of the crystalline field. 
The important reshuffling will take place on the transf ormatim 
NaCl<:t-> CsCl. In the ifeCl phase the substitutional sites are in 
octahedral co-ordination while in CsCl phase they are in 8 -fold 
co-ordination. In Pig. 11.7b of Chapter II the reshuffling scheme 


of the ions in 


a NaCl ^->CsCl structure transformation is shewn. 


Two possible models for 
According to one of the 


a reshuffled ion vacancy pair are possible, 
arragnements the Cu^"^ ions reshuffles to 


the body centred sites of CsCl structure and the pairing cation 
vacancy is either in the adjacent cells at the equivalent sites 
or in the next adjacent cells at the similar sites. With this 
proposal of substitutional cation sites for Cu^"^ the observed 
C1003 -tetragonal symmetry is expected and the existence of three 


pairs of magnetically equivalent centres with different tetra- 
gonal axes is also possible due to the avaiJiab±;Lity of 6 possible 
sites for pairing-vacancy to each substitutional site.. Ihe ^ 
predominent crystalline field, however, will then be 8 -fold cubic 


and hence the ground state for Cu^^ iens will be either a d 

state or the degenerate pair^° of states d and d Por ^ • 

^ i xy 

state as ground state it has been shown^O that g„ g >2 and 


(g,, 4(g^-2). However the observed g-values (g, > g ) do 

not support the assumption that state is the ground stile. 

The calculations with d^^ and dy^ pair as ground state only yield 
a weak = 2 transitlonlO at g^4. Hence neither of these 


states accounts for the observed g-values and therefore contra- 
diets the above substitutional reshuffling. 



Alternative to the above model Is the interstitial 
reshuffling of the Cu ions i.e, Cu^ ‘ ion occupies an off centre 
place in the plane spanned by four ligands with two vacancies 

either at nearest neighbour or second nearest neighbour positions 
along the .JLOcO directioni No definite conclusions dan be made 
about the positions of the vacancies associated. However if the 
observed anisotropy in 'i" and i.e. '^g = |(g.^ _g^)| and 

AA - (A-B) (Table is ^ possible index of the extent 

of tetragonal distortior^seeras to be more for centre I and II 
at LNT compared to at RT and suggests the proximity of vacancy 
to the Cu ion. Therefore the vacancies associated with Cu^"^ 
ion are expected to be at nearest neighbour sites in CsCl struc- 
ture* The value of ^ a at LNT for centre III suggests that for 
this type of centre the tetragonal distortion may reduce in CsCl 
structure coirpared to that, in NaCl structure, and therefore dis- 
tant sites for the vacancies may be expected* 

Ihe analysis of the SHP obtained from low temperature 

spectra at LNT and high tenperatures above 400K (Table V*l) 

reveals that the ground state for Cu^+ for all the three different 

species of copper centres remains predcsninently d^. Also the 

observation of g^ > > 2 indicates some admixture of higher’ 

orbitals by vibrational modes as described, by 0‘Brien^'^, The 

fact that the difference /\ct — /rr 4 ^- j_ • 

comparatively small 

at LNT and larger at higher temperatures indicates that the 
influence of this admlxt-ure is c<J«iparatlvely small at LNT and 
increases with temperature* The small variations in g-f actors. 


however, indicate that the vibrational adraixtiore may be ignored 
for a first order analysis of hyperfine interaction along with its 
temperature dependence to be discussed in the following paragraphs 

The analysis of hyperfine parameters ignoring the vibronic 

admixture (Table V, 2) at different tenperatures and based on 

6 7 

similar analysis by Hagen and Trappeniers ' for copper centres 

in NH^Cl, ND^Gl and CsGl lattices, shows that the choice, 

A/B > 0 for centre is more reasonable, while the choice, 

A/B < 0 seems to be more reasonable for centres and III. 

However, the sign of PK for centre I 2 with the choice A/B > 0 is 

opposite to the sign of PK for the free ion and also for mary 

other complexes with the d^^ ground state. A similar change of 

sign of PK for Gu ion in NH^Cl lattice has been reported by 

6 7 6 7 

Hagen and Trappeniers * . The authors * have given an explana- 
tion for this change of sign in- the case of a d 2 ground state 

■ Z ^ . 

taking into account the s-d and ligand admixtures . We have no 
alternative explanation and give a brief preview of their 
explanation in the following paragraph. 

In an improved analysis of the ground state and the SHP, 
detailed interaction of Gu^'^-ion with the ligands should also be 
taken into acco\int by constructing molecular orbitals consisting 
of linear combination of atomic orbitals of the central ion and 
the ligands, consistent with the relevant point group. The 
ground state wave fxanction then takes the form (V,2). The positive 

sign of PK in copper complexes with d^^ lowest state and in free 

39 . ' . 

ion is attributed to exchange, .polarization which gives 


a 



dcsninant. interaction of *s-spins' antiparallel to the spin of 

38 46 47 

the d-electrons with the n■ucle^Is * * , The admixture of 4s 

orbitals which is possible in a d 2 gro\ind state but is ruled out 

^ 31 

for d^^^ ground state in first order , however^ introduces a 
larger spin density at the nucleus of spins aligned J [ to the 
spin of d-electrons / thus reducing the effect of the spin pola- 
rization of the core electrons. The admixtiire of the 4s is of— 
course influenced by changes in the environment of the ion. The 

Fermi contact interaction (-PK) for the 4s-orbitals (=1970xlo'^cm""^) 

7 

is rather high and opposite in sign to that for d-orbitals. 
Therefore small admixtures from 4s can produce rather large 
change in PK and with considerable extent of admixture a change 
in sign of (-PK) frcan conventional one is thus possible. 

Tables V.l and V,2 show that there is a large tenperature 
dependence of hyperf ine parameters of centres I 2 / and III 

and the Fermi contact interaction (-PK) has some teiiperature 
dependence. However, it can be seen from the analytical expre- 

7 

ssions for A and B that the difference A-B (= A A) should be 

t 

independent of Fermi contact interaction. The difference AA is 
also temperature dependent. Similar teirperature dependence of 

2 2 * 4 “ 

A has been reported for Cu :NH^C1 and Cu ;CsCl by Trappeniers 
1 

and Hagen , Ihe main part of the change with teirperature of the 

■% 

hyperfine parameters of centre I 2 seems to be caused by a change 
in the Fermi contact term. In the foregoing discussion we have 
mentioned that for centre I 2 there is an important admixture of 
the 4s -orbitals, which even chants the sign 'of the Fermi -contact 



interaction term. The observed dimiinition ,of Permi -contact 
interaction with increasing tenperature could mean that either 
the spin polarization increases or that the extent of admixture 
from 4s-orbitals reduces. However^ the g-f actors show small ■ 
variation with temperatxnre and the change in the strength of 
crystal field with terrperature does not seem to be drastic and 
therefore can not be expected to cause large changes in d-s- 
admixture. Pilbrow and Spaeth^ explained the change in the 
hyperfine parameters^ arising from a change in the spin polari- 
zation due to an expanding radial wave function of the d 2 

"zr 

orbital. The very large terrperatute dependence of hf parameters 

observed for these centres in lattice are coirparable to a 

2 + 7 

similar dependence for Cu in IslH^^Cl and is a rather rare 
phencxnenon. 
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TABLE V.l 


2 + 

in-Hamiltonian Parameters of Cu centres I 2 > and III in 

single crystals. 


Centre 

Temp 

(K) 


% 

>1 

Gauss 

Ib| Q« 

Gauss Gauss 


A 

Oauss 


300 

2.011(1) 

2,216(1) 

190(1) 

30(2) 

- 

0.205 

160 

;'^2 

77 

2.0051(5) 

2.2385(5) 

250.0(5) 

65.5(5) 

- 

0.2334 

184.5 


500 

2.013(1) 

2.214(1) 

175(2) 

25(2) 

- 

0.201 

150 

( 

300 

2.019(1) 

2,222(1) 

80(1) 

56(1) 7(1) 

0.203 

24 

H 

H 

77 

2.0189(5) 

2.2290(5) 

128,5(5) 

63.5(5) 

8(1) 0.2101 

65 


433 

2.021(1) 

2.220(1) 

75(2) 

* 

48 (2 ) 

- 

0.199 

27 


300 

2.0390(5) 

2.249(1) 

15(2) 

70(1) 

-• 

0.210 

-55'.'/; 

III 

77 

2.0280(5) 

2.2501(5) 

43.5(5) 

60.5(5) 

- 

0.2221 

-It''" 


433 

2.0394 (5) 

2.248(1) 

18(1) 

58(1) 


0.2086 

-40 
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CHAPTER VI 


EPR STUDY OF NH^IzVO^'*' 

Abstract: Results of the EPR study of doped in NH^I 

single' crystals in the tenperat'ure range 373K to 77K are 

reported. The observed spectra suggest a liquid like 
2 + 

behaviour of VO in ammonium iodide crystal. A single 
eight line isotropic spectrum with g^ = 1,970 ± 0,001 and 
A = -110 i 2 Gauss was observed in the tenperature range 
from 373K toUl 245K. No spectrum was observed in the tenpe- 
rature range from 1/3 245 to oni73K, In the temperature range 
frcxntAl73K to 77K a spectrum with two sets of eight isotro- 
pic lines with g = 1.948 ± 0.001, g = 1,980 ± O.OOl, 

, ■ n X . , " ' ■ ■ ■ 

|a|= .-190 i 1 Gauss and}B|=:.-68 ± 1 Gauss was observed. The 

m^ dependence and the temperature variation of line widths 

are discussed. The low terrpepature phase spectra confirm 

2+ 

that the free tuirbling motion of VO ions is effectively 
hindered in this phase and these motions are effectively 
quenched at liquid nitrogen tenperature. 
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n,l INTRODUCTION 

Since the first report by Sastry and Venkateswarlti^ of 
liquid like behaviour of molecular vanadyl ion VO^"^ in airanonium 
chloride lattice, a nvimber of workers have reported similar beha- 

2-f- 2 

vior of VO'^ in many other lattices , Host lattices where 

vanadyl ion undergoes rapid tumbling motion are summarised in 

Table VII, 2 of Chapter VII. To investigate the behavior of mole— 
2+ 

cular VO ion in other ammonium halides we have, undertaken the 

2 + 

EPR study of the system VO ;NH^I. This system is also interes- 

♦ ting because of the various structural phase transitions it under— 

7—9 

goes at different teirperatures below roan ten^erature (RT) , The 

• 1 0 ' 

EPR technique provides a^ sensitive probe for the structural 

phase transitions to be observed pr confirmed in case these have 

been observed or predicted fron other studies. With these two 

2+ 

points in mind we have carried out a detailed EPR study of VO 
doped in NH^^I single crystals in the temperature range 373K to 77K 
at X-band. 

-1,2 THEORY AND SP IN-HAMILTONIAN ANALYSIS 

Vanadium (Z = 23), a member of the first series transition 

18 3 2 

metal group has the electron configuration (Ar) 3d 4s , It is 
found to react readily to form a nxmber of oxycations. The sirtp- 
lest and most stable oxycation is VO (vanadyl ion) , which may be 
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supposed to consist of a tetravalent vanadium ion V^'*’(£Ar3^®3d^) 
and a closed cell 0^~ ion In this formulation the mole— 

cular VO ion has a single unpaired d electron attached to the 

1 

tetravalent vanadium ion and is similar to the other ions with d 

configuration. However the binding with the oxygen is highly 

covalent and a better description involves a (VsO)^"^ molecular 

©ore with a partial covalent triple bond character, to which a 

2 

single unpaired electron is added in a ^ non-bonding orbital. The 

non-bonding orbital which lies in the plane perpendicular to the 

V-0 bond, is centred on the vanadixim ion. The description of the 

2 + 

teolecxilar ion VO , based on an LCAO-MO calculation of the conplex 

S 2 + 11' 1 

^VO(H20)^ by Ballhausen and Gray , has shown that the d elec- 

IV" '■■■; ■ 

ikron occupies a non-bonding orbital of b^ syninetry, and the resul- 

f. . 

ting ground state is an orbital singlet. Thus for a single urpai- 

f- 

red electron (S = 1/2) interacting with a single vanadiiom nucleous 
SI 

( V, I = 7/2, 99,8 percent abundant) the EPR spectrum may be des- 
= 12 

bribed by the following Hamiltonian , neglecting the quadmjpole 
and nuclear-zeoman interaction: 

p.g.S + S.A.I ... VII.l 

with S = 1/2 and I = 7/2 and the other s37mbols having their usual 

meaning. The resonance field values of the above Hamiltonian, 

■ '^^0 " 

under the assumption that the principal axes of g and A coincide, 

• 12 13 

have been calculated by Abragam and Bleany and by Bleany , For 

the case of axial syrranetiry the resonance field values are given by 

the following rela^ionjs : 
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H 


m. 


H - Km-, - r 0 
o I . l_ 


63 

I L '4 “ "'l 


2 B^(A + K^) 


4H 

o 


+ 


, ^2 r,2 . 2 2 

(A - B )g g „ 

y ^ s i n‘^2e 


2 4 

8H K^g 
o ^ 


(VI.2) 


where 


H - — 

o g|3. 


2 2 2 2 2 

g = g cos 9 + g, sin © 

^ ^i( 




A^gf cos^9 + . sin^8 

U 


and 9 is the angle between the symmetry axis i.e, the Z-axis and 

— % ' 

the Z static magnetic field H. The parameters K, A and B are in 
units of gauss. 


For a tumbling molecular ion averaging out all orientations 

results in an isotropic spectrum with effective g and A values 
14-16 

given as : 


Seff = = f 

1 1 

A jT 4r ” ■. ^ {a 4* 2 B ) 

eff o 3 11 3 

1=1 


(VI. 3) 


The resonance field values for this isotropic spectrum are given by: 


H = H - A m-, - 
m^ o o I 


% ,63 - 2 0 


... (VI. 4) 


inhere H^(= and' of gauss. 
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E.3 EXPERIMEKTAL RESULTS 

The EPR spectra of vanadyl ion doped in single 

crystal at different temperatures are shown in Pig. VII.l.- The 
RT spectrxm consists of eight hyperfine lines with unequal spa- 
cings. This spectrum will be designated as spectrxm-I, hereafter. 
The line widths and peak heights of the lines of spectrum— I were 
found to depend upon the nuclear magnetic quantTim number raj.. This 
spectrum was found to be independent of the crystal orientation 
relative to the static magnetic field. The spectra from crystals 
doped with VOCI 2 or V0SO^.6H2O were identical. To rule out the 
possibility of inclusion of VOCI 2 or VOS 0^ solution in the crys- 
tals, the crystals were annealed at A^130°C for three hours and 
then cooled quickly to RT or were quenched by dropping into liquid 
nitrogen. The EPR of the heat treated crystals were found to be. 
identical with those from as— grown crystals, thus ruling out thp? 
possibility of inclusion of VOCI 2 VOSO^ solution in the ciryst- 
als. All the crystals grown at RT or higher temperatures (upto 
333K) frcm acidic, basic or neutral mother solutions gave identi- 
cal spectra. * 

As the tenperature was raised above RT though the line- 
widths decreased, the over all intensity of the spectjrum started 
diminishing. At r\j 340K the spectanm almost vanished. The line- 
width measurements could be carried out satisfactorily only rpto 
325K, Similar behavior was ■ observed for V0^'*':NH^C1 by Rao and 
Sastry^. 
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On lowering the temperature below RT the lines showed a 
broadening trend. Due to the broadening of the lines the deriva- 
tive heights were reduced. The broadening trend became faster at 
about 2 55K and spectrum-I disappeared completely at oyi245K, For 
spectrum-I, Fig. VI. 2 shows the m^ dependence of linewidths and 
temperature dependence of linewidth for the m^ = -1/2 line. 

On further lowering the terrperature below 245K no spectnjsn 
appeared upto f\j 173K. Below this temperature seme weak structure 
started showing up slowly with decreasing temperature. This low 
tenperature spectrum will be designated as spectrum-I I, To get the 
changes stabilized at each temperature we waited quite long (a/ 1 
hour). The weak structure appearing below 173K became quite strong 
in intensity as liquid nitrogen tenperature (LNT) was approached. 

At LNT spectrum-II became quite strong. The sanples were kept at 
LNT for about three hours and the spectra were observed at diffe- 
rent orientations of the crystal relative to the static laagnelti® 
field. Spectrum-II was found to be ccsnpletely isotropic. As can 
be seen in Fig, VII, I, spectrum-II at LNT coiprises two sets of 
hyperfine groups of eight lines each, overlapping with each other 
in the middle part of the spectrum. The two parts of the spectrum 
are designated as parallel-spectrum and perpendicular-spectrum. 

The parallel-spectrum has a larger spread corpared to the perpen- 
dicular-spectirum. On reversing the process of cooling i,e, heating 
the crystal from LNT upwards the changes in the spectrum were found 
to be reversible. The tenperature at which spectrum-I reappears 
or , disappears depends,; of hating or cooling respec- 

tively. %The fasber the cooling heating rate in a cycle, the 
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larger is the hysteresis width. On returning to RT the eight line 
isotropic spectrum was recovered. 

The spin -Hamiltonian parameters (SHP) for spectrum-II at 
LNT were calculated using field expressions (VI. 2) and setting 
9=0° for parallel-spectrum and Q = 90° for perpendicular-spectrum 
respectively. The SHP for spectrum-I were obtained using expre- 
ssion (VI, 4), The parameters thus obtained were next varied in a 
narrow range to obtain the least squared deviation in the experi- 
mental fields and those calculated by the exact numerical diagona- ’ 
lization of the 16x16 spin-Hamiltonian matrix on a ccmputer. The 
parameters thus obtained are given in Table VI. 1. 

E,4 DISCUSSION 

2 + 

The 'Observed spectriom I and II of VO in NH^I are very 

similar to the spectra of vanadyl ion in liquids of low and high 
1 6—1 9 ' 

viscosity ~ respectively. Similar spectra were reported 

1 1 *7 

O'Reilly and Roberts et al of vanadyl etiopoxphyrin II (VEPI) 

in benzene (low viscosity) and in castor oil (high viscosity) at 

293K and in solid asphaltenes containing vanadium porphirins. 

These similarities help in the understanding of ■the EPR spedtra of 

vanadyl ion in NH^I, Spectra similar to our spectamra— II have been 

reported in polycrystalline samples “ ^ containing VO ions with 

23 

preferred V-0 bond orientation and in amorphous glass , The ob— 

■ -i ' 2 '^ ' ^ ' *" -'v 

servation that spectrum-I in VO do{>ed NH^I is recovered on retur- 
ning back td RT froB LMT rules osgt the possibility of the V-0 ori- 
entation becoifiing pref 'ast'^tte 'same time the sanple 
becoming polycrystali±i3^.,i' tlSui! ’coiiislude that at RT VO^"^ ions 
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in lattice are subjected to hindered motions in a 

similar to VO ions In liquids of low viscosity where they are 
rapidly tumbling so that all the anisotropy in g and A is averaged 
out. Drastic changes In the EPR spectrum can occur when the para- 
magnetic entity is immobilized compared with the spectrum when the 
paramagnetic entity is fumbling rapidly in solution. The reason 
for these changes lies, of coutse, in the fact that the anisotro- 
pic contributions to the g-factor and hyperflne splittings are 
averaged out in the latter case and because only angular distri- 
butions contribute in the former case. This is the reason why 
in castor oil, which hinders the v-0 tumbling almost completely 
due to its high viscosity, gives a solid llhe spectrum showing g 
and A anisotropies. Thus, we believe that the low tenperature 
phases Of NH^l - CSCI type and ph^i type-hinder the freely tumb- 
ling motion of VO^* ions and near LOT these motions are effecti- 
vely quenched just like in a liquid of very high viscosity. There- 
fore, at LOT the v-0 orientation is random and its tumbling motion 
is Slow enough that the anisotropic Interactions also contribute 
to the spectrum. if the rotational correlation time for the mag- 
netic entity is sufficiently long compared to the reciprocal of 
the spread of the spectrum in time, the spln-Hamiltonian (VI. 1) 
remains anisotropic and it may be used with a suitable average of 
allowed transitions over all orientations. The Isotropy of speo- 
trum-II is explained on the basis of the statistical distribution 
Of the V -0 axis orientation in the host lattice. Just like in 

powders, ^which mates' tiue ^tru^ independent. The simi- 
larity of spectrui-il _ 




^ powder spectra of sart5)les 



containing a preferred V-0 axis -is thus obvious. The powder 
spectrum also arises frcsn a statistical distribution of the ran- 
domly oriented ions in the crystal lattice^^'^^'^^x The 

extreme positions of the lines in a powder spectrum correspond to 
two turning points i.e. to parallel Hi) and perpendicular (JL) 
orientations. In a statistical distribution the number of V-0 
axes parallel to the static magnetic field will be one-half that 
of the number of V-0 axes perpendicular to the static magnetic 
field. Thus, the intensity due to magnetic centres with the V-0 
bond perpendicular to the magnetic field will be twice that due 
to the centres with V-0 bond parallel to the magnetic field. 

Figure VI.l shows spectjoim-II at LNT where the parallel and per- 
pendicular spectra have been marked on the basis of their expected 

"Jl 6 

relative intensities. O’Reilly has obtained the eigen values of 
the spin-Hamiltonian (VI^l ) by perturbation theory and the resul- 
ting line shapes for each value of m^ for gpH. As for the 

isotropic spectrum- X, g^ = + 2gj^) and = ■^(A + 2B) are 

expected on the basis of rapidly tumbling V-O axis; the values of 
g^ and A^ obtained from the SHP of spectrum- II are in agreement 
with the values obtained directly frcxn the spin-Hamiltonian analy- 
sis of spectrum-I (see Table VI.l), 

Due to the isotropy of spectrum-I it is difficult to decide 
about the type of magnetic entity and the associated lattice 
defects in VO^'*’ doped NH^I crystals. However the crystalline field 
or the motions of the NH^'*’ ions seon to affect the tiombling motion 
of VO^”^ ions. Consequently the line widths of the spectrum-I 
change drastically near the struefe\aral phase transformations 
- NaGl structure — >CsGl structure. 



The present study clearly indicates that VO' 


in NH^I 

exhibits a behaviour like that in liquids# so far as the paramag- 
netic resonance and relaxation are concerned. The line widths of 
the EPR spectrum-I are found to show dependeiKie, It .was felt 

interesting^ therefore# to carry out a systematic study of line 

2'S ' ' ' ' 

widths to test the applicability of Kivelson's theory of para- 
magnetic relaxation in liquids to the present case. 

A detailed discussion of the relaxation mechanisms has been 
given by Kivelson and others'#”” and the resulting e3q>ression for 
line widths is : 


(A.H) 




h + *2'“l + 


(VI-5 ) 


I 2 “I 

Since the fourth and fifth terms in (VI-5) are usually found to be 
small we will neglect these. In the limit of rapid tumbling the 
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coefficients are related to the SHP by the following relations : 


H 






4 H 

A2 = - (AgAa) 




... (VI-6) 


12 


(Z^a)^C^ 


where 


■20 


is the line width frc«n other interactions non— sensitive 


to nuclear orientations m_ , H = 


hV 


# (4a)2 = ^ (A^^ - A^)2, 


i=l 


(/SgiSa) = 'y , (A^r - A^) (gji - 9^) and ^ is the rotational 


i=l 


correlation time 



The experimental line widths of spectrum-I at RT were 

determined by using the relation h x (ZSh ) = constant, 

mj nij 

where h^ is the derivative hei^it and & the peak— to— peak 
(p-p) line v/idth. The p-p line width for the narrowest line 
(iHj = - 1/2) was measured directly and the p-p widths of other 
lines were corputed by using the above relation. Fig. VI-2 shows 
the observed m^ dependence of line width. By fitting the e 3 q>eri- 
mental data to equation VI— 5 after setting = 0 and using 

a least square method, the following values of the A *s were 
obtained : ^ 

= 19.037 Gausss, A^ = 1.999 C^uss, A^ = 1,93 Gauss, 

Making use of the value of A^ and the spin— Hamiltonian parameters 

of spectrum- II, and the ratio A 2 /A 2 were estimated through 

relations (VI-6) and were found to berv lo”^^ sec. and 8,6 
respectively. The estimated ratio (A 2 /A 2 ) was found to be in 
disagreement with that obtained frcro the experimental values of 
A^. A similar disagreement was also found fronsuch an analysis 
by Kivelson^^ for the data of O'Reilly^^ for VEPI in low arsi high 
viscosity solutions and by other workers ^ We have estimated 
the ratio A 2 /A^ for different systems through relation (VI-7) and 
making use of the reported spin-Hamiltonian parameters'”^ and 
these are given in Table VI-2 for ccxnparison. As the low tenpe- 
rature g and A values are found to satisfy relations (Vl-3) at 
rocxn tenperature, the g and A p^rai^fcefs are not expected to have 
an appreciable tenperature depepderiee and the di sagreement in the 
ratid# may be than, the tarperature 



dependence of g and A. The ratio is fairly constant over 

the temperature range over which liquid like behavioiir is observed. 

0*Reilly^^ and Kivelson^^ estimated for vanadyl conplex 

—11 

in benzene solution to be of the order of 6x10 sec. The typical 

V -11 

value of for liquids is found to vaiy from 2x10 sec. to 

11 11 
8xl0” sec. The estimated value^lxlO"” sec. of ^ in the pre- 

2 < 4 - , 

sent case of VO^ in supports the assumption that vanadyl ion 

in exhibits a behaviour like that in liquids. Therefore, the 

theory of line widths in liquids appears adequate to explain the 

2+ 

observed effects in VO doped NH^I crystal. At low temperatures 

2 * 4 - 

the tumbling of the molecuTar ion VO gets hindered indicating 
that the viscosity of for vanadyl ions beccmes very hi^ at 

low temperatures ccrapared to that at rocm temperature* 

To get some qualitative idea of the temperature dependence 
of the correlation time the temperature dependence of has- 

been studied. Fig. VI-2 shows this temperature dependence in 
the temperature range for which satisfactory measureiments of p-p 
line width could be made. As is clear from Pigi VT-2 the line 
width increases on lowering the temperature. The increase may be 
assumed to be largely due to an increase in the rotational corre- 
lation time because the dcxninant relaxation process in viscous 
media is attributable to the modulation of anisotropic magnetic 
interactions by the rotational motion of the ions. It has been 
observed that the line broadening trend shows a little disconti-r 
nuity around 256K, which incidently is the transition t^iperature 
between phase I and phase II, Thus the discontinuity appearing 
in may be attributed to the structural phase transition at 



r>J256K, Since no discern ible spectrum was observed around the 
transition tenperature between phase II (CsCl) and phase III 
(tetragonal) this transition could not be studied, 

31 

Recently Goyal and Dasanacharya carried out neutron 

scattering experiments on NH^I- and found that both on cooling arai 

heating phase I coexists with the low temperature phases II and 

III, Their results are supported by the observation of large 

32 33 

thermal hysteresis * for the transition 256K both while cooling 
and while heating. The existence of mixed phases calls for great 
care in interpreting any data on NH^I in the tenperature range 
2 00K to • 300K. Their estimated concentrations of NaCl and CsCl 
phases were respectively found to be 61% and 39% at 240K and 35% 
and 65% at 220K in a typical cooling experiment. Their data have 
shown that the sample takes several hours to stabilize in the mixed 
phase which depends on'' the rates of cooling and heating. We have 
also observed a hysteresis in the teiiperatures at which spectrum-I 
disappears and reappears on cooling and heating respectively. This 
is consistent with the;- hypothesis of coexisting phases. Also, 
our observation that it takes a long time to achieve the maximum 
intensity of the spectra at temperatures belowA/256K on cooling 
and at tenperatures above/\/17 3Kpn heating supports the view that 
the equilibrium between the mixed phases is achieved after a long 


time 
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TABLE VI. 1 


2 - 1 - 

Spifi- Hamiltonian Parameters of VO in obtained frcxn 

analysis of spec trum-X and spectrum-II 



Spin-Hamiltonian 

Parameters 

Spectrum- 1 

= 1.970(1) 1 

A^j = 

110(2) Gauss 

(RT) 


o\ 



g, = 1.948(1) 

5t = 

1.980(1) 

Spectrum-II 


±, 


(LNT) 

1 A 1 = 190(1) Gauss j B | 

= 68(1) Gauss 

Calculated frcxn 

Spin-Hamiltonian 

g^ = 1.969 

lA 1 

= 108., 7 Gauss 

Parameters of 

Spectrum— 11 

o 

% 






TABLE VI, 2 


Ratio (A 2 /A 2 ) calculated (A 2 /A. 2 )^^ 2 . frcxn analytical expressions 
and line widths analysis of EPR spectrum-I of VO^”^. 


System 

(A 2 /A 2 ) 

<V*3>Cal. 

Reference 

NH^I 

1.7 

8.6 

Present work 

NH.Br 

1.5 

14.0 

Present work 

4 



(Chap. VI i ) 

NH.Cl 

4 

1.5 

15.2 

1 

NaCl 

1.9 

19.5 

2 

KCl 

2.4 

14.8 

2 

RbCl 

2.3 

7.2 

2 

KNOg 

' 2.0 

10.5 

3 

CsNOj 

2.8 

14.3 

3 

NaNOg 

3.4 

6.0 

3 

NH 4 NO 3 

2.2 

8.6 

3 

Ba(N 03)2 

1.3 

17.8 

3 

UO 2 (N 03 ) 2 . 6 H 20 

2.5 

9.5 

. 3 

BaCl 2 . 2 H 20 

1.8 

21.6 

.4 

BaBr 2 . 2 H 20 

1 .9 

7.9 

4 
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CHAPTER VII 


EPR STUDY OP NH^Br;Mn^'^ AND NH^Br:VO^'*’ 

2 + 2 + 

Abst;ract: : The results of EPR study of Mn and VO ions 

doped in single crystals of NH^Br in the temperature range 

77 to 500K are presented. At RT an isotropic spectriam 

(spectrum— I) ccxrprising a sextet superinposed on a broad 

2 + . 

line is observed frcra crystals doped with Mn . On heatir^ 

the crystal around 400K the single sextet disappears due to 

expulsion of Mn impurity frcxn crystal. On lowering the 

temperature of the cirystal below RT, the isotropic spectrum-I 

disappears around 2 30K and a new spectrum (spectirum-Il) appears 

below this t^rperature. The spectrum-II is very anisotropic 

2 + . 

and unusual. Spectrum— I is attributed to the Mn ions 

substituting for NH^ , with the charge connpensating NH^ 

24 - 

vacancies far away from Mn . Ohe transformation of spectnaiwl 

to spectnrti-II around 230K is attributed to a structural 

phase transformation of NH^Br. 

2 + . 

VO doped crystals gave an isotropic spectrum 

(specfrum-l) comprising an octet in the temperature range 

430K to 2 30K. The widths of the lines of spectrum-I show 

a m^ dependence. The temperature variation of line width 

reveals two strxictural phase transformations at. 408K and 

2 3 OK, The isotropic octet prcAsably results from a rapid 

tumbling motion of VO^'*' icms* The low temperature phase of NH^Br 

2+ 

appears to hinder the tuiribllng motion of VO and as a result a 
peV isotropic (spectrum-II) ccxiprising two octets is observed. 



VII, 1 INTRODUCTICW 

Ths detailed EPR studies of Cu^^ and VO^'*' in 

(presented in Chapters IV, V arrf. VI respectively in this 

thesis) and in NH^Cl (reported by a niimber of workers^ 

2 ”f* i 5 1 S 

also of Cu in NH^Br ' have yielded enough inforroation 
regarding the behaviour of these ions. It may be concluded 
that these ions showed more or less similar behaviour in the 
two members viz. NH^Cl and NH^I while in NH^Br only Cu^^ ion 

-i: IT -I /C 

has so far been studied"^ * and showed a behaviour similar 

to that in NH^Cl and NH^I. No report of EPR of Mn^"*” in NH^Br 

1 *7 

is made till date except for the urpublished work of Sastry , 
It was, therefore, felt interesting to carry out the EPR study 

2+ 2-h 

of Mn and VO in NH^Br on a conplementary basis. It has 

2 4- ■ 

been reported that Mn in CsCl showed a large zero field 
4 2+ 

sp lifting and Mn in CsBr showed exceptionally large zero— 

1 8 * 

field splitting (D -u 4 kG) which apparently is in violation 

to the spectrochemical series (Cl“> Br“ j>. I~ ) , We note that 
■ 2 +- ' ■ 

for Mn in both NH^Cl and NH^I the value of zerofield spli- 
tting parameter D is almost eqtial (D Ajl605 G in NH^Cl"^ at 

3oO K and D '\.-'1612 G in NH^I at 300 K), In the 'ui^xiblished 

17 24 - 

work of Sastry it has been mentioned that for Mn in NH,Br 

DAJ 538 G at LMT, It was scsnewhat surprising that -while in 

Cs-hallides zerofield spl:^tti^ jy|^3eetais©d firora Cl to Br being 



exceptionally large for CsBr, why NH^Br behaved differently 

as ccttipared to other airmoniiam hallides. Therefore a systema- 

2 + 

tic EPR study of Mn :NH^Br was carried out in the tarperature 

2 - 1 - 

range of 573K to 77K. To ccsrplete the study of VO in aitmonixam 
2+ 

halides, VO doped in NH^Br has also been studied systematically 

by EPR in the tenperature range mentioned above. The EPR studies 
2+2 + 

of Mn and VO in HH^Br single crystals will be presented sepa- 
rately in the following, 

SECTION A : EPR OP IN NH,Br 

4 

experimental results 

The EPR spectra were recorded on X— band EPR ^ectroHteter 

E— 109 described in Chapter III. Crystals grown under different 

conditions were studied and it was observed that the tanperature 

ot pH of the mother liquor had no effect on the type of magnetic 

centres incorporated in NH^Br crystals. However the line widths 

were comparatively larger in crystals either grown at relatively 

higher terrperature (ro350K) or grown frcan solution containing 

higher amount of MnBr 2 (~ 3% by weight). The incorporation of 
2 + 

Mn ions in NH^Br was found to be much less than in NH^Cl and 
NH^I, grown under similar conditions. 

At RT ('V300K) the EPR spectrum ccrprises a sextet 
(referred to as spectrum— I) which is found to be isotropic super- 
imposed on a broad line (Pig, VII, IX, When the tenperature of 
the sasple was raised above P3P the line width of the members of 
this sextet arisaad 400K the intensity of 



the sextet decreased suddenly. On keeping the sartple at 400K 

for longer time the sextets st rue txire disappeared leaving behind 

2+ 

a sharp single line, similar to the one observed for Mn in 

NH^I at elevated temperatures. On physical examination It was 

found that though the crystal was still intact its surfaces were 

2+ 

blackened due to the expulsion of Mn impurity. This black 

material was found to give an EPR signal with line width and 

■ 2 + 

g-value similar to that frexn the material expelled frean Mn 
doped lattice at higher temperatures. The heated crystal 

after cleaning its black surfaces did not give any discernible 
spectrum upto LNT, 

On lowering the sample temperature below RT the peak to 
peak height of the sextet structure decreased and around 230K 
the sextet disappeared canpletely. The temperature dependeiKie 
of p-p signal height is shown in Pig. VII, 2, Around 223K a new 
spectrum (referred to as spectrum~II) , highly anisotrcpic in 
nature and setnewhat abnonral in structure (not showing the charac- 
teristic five hyperfine groups) started showing up. The intensity 
of this spectrum increased with the lowering of the temperature 
of the sample and at LNT it wes quite intense. The transformation 
of the isotropic spectrum-I into the anisotropic spectrum-II was 
found to be reversible. The observed angular behaviour of the 
spectrum-II was same in the temperature range 22 3K to 77K. The 
angular dependence at LNT of the EPR spectra in (100) plane is 
shown in Pig, VII. 3,, The angular dependence in other planes was 
found to be more conplicated. It can be seen clearly that two 



sextets marked A and B are angular independent in this plane 

while the other sextets are extremely angular dependent both 

in their intensity and position. The overall symmetry of the 

-y 

EPR speotr-um was observed to be 4-fold with H rotating in (100) 
plane and 2-fold with H rotating in (110) plane. It has not 
been possible to find out the crystal field axes (X,Y, Z) expli- 
citly in this case because of the corrplexity of the EPR spectrum 
at X-band, but it seems reasonable to assume (100) as the tetra- 
gonal axis of the crystalline field. The Q-band studies at low 
temperatxires were not possible due to nonavailability of the 
facility. However such study would give more and unambiguous 
information regarding the speculation of large ZPS and tetragonal 
synmietry derived from X-band observation. 

2 DISCUSSION 

The crystal structure of NH^Br in the four phases may be 
s^Immarized as follows: 


41 n K 2 Ik K 

Phase I <,- — ~H.fr > phase II < IfH-.--: > phase III 

(NaCl-disordered) (CsCl-disordered) -.-Transition (PH.I) 

(Tetragonal) 


Phase III — Phase IV 
(PH, I) (CsCl-ordered) 

(Tetragonal) ^ _108 K 

2+ 

When doped, 24n ions can enter the NH^Br lattice in several 

■ ■ 4 - O 4 . •■ 1 .Q 

ways - it can substitute for just like Mn in CsCl or it 

can enter at interstitial site cc^lanar with four Br“ ions just 
like Cu^"*" and Mn^'*' in and in or it can 

be present" in small clia^eapi^ Xn dases of both substitutional or 



. . 2 + 

interstitial incorporation of Mn in MH^Br lattleo creation of 

cation vacancies is necessary for overall charge ccxnpensation. 

If the vacancies are close to the metal ion they beccme bound 

and form ion-vacancy pairs. In such cases normally the ctibic 

2—4 

crystalline field beccmes tetragonally distorted and if this 

distortion is not exceptionally large to cause a large zerofield 
' 2 + 

splitting, Mn should show a characteristic 30 line spectrum even 
at X-band frequencies. In the present case of NH^Br with CsCl 
structure at RT three distinguishable tetragonal axes viz. £iOGJ, 
^010*] and I^OOlJ are possible if the paired off vacancies; lie alpng 
these directions. Thus as in the case of Bto in NH^I CC2iapter IV) 
when H is aligned parallel to Z-axis i.e.^ © = 0 there should be 
one 3o line spectrum corresponding to centres for which © = 0 and 
simultaneously another 30 line spectrum corresponding to centres 
for which Q = 90^, When H is rotated from ©- = 0 to © = 90*^ in 
(loo) H would be always at 8 = 90° fear one set of centres while 
it will make angles © and (90—©) with the tetragonal axes of the 
other two sets of centres. Therefore, there should be an angular 
independent 30 line spectrum and two other spectra which should 
interchange their positions on going from © = 0 to © = 90°, If the 
zerofield splitting is very large i>yg then the normal picture 
of 30 lind spectra will not be valid (for example for Mn in iW^I 
at X-band (Chapter IV) and for in CsBr even at Q-band^®), 

P'Sien the vacancy is quite remote from the metal ion then the 
metal ion does not feel its ggresence and feels essentially the 
undistorted local ■ 'f fcld ' as reflected in the EPR spectra. 

In such case^ of moderate vciystalline field the S state of Mn^'*’ 



will be siibjected to quite small zero field splittings and the 
fine structure may not be resolved, thus giving rise to an iso- 
tropic sextet. Therefore the single se3d:et observed at RT in the 

2 + 

present case indicates that the Mn goes substitutionally ar^i the 
charge ccwnpensating sites are quite remote from the substitutional 
sites. The incorporation of ion clusters will give a broad EPR 
signal due to dipolar broadening which is indicated by the pre- 
sence of a broad background signal on which the isotropic sextet 
is superimposed (Pig. VII.l). 


The isotropic spectrum comprising a sextet ig anal^^ed 
using the following expression for resonant fields; 

'2 


H 


m-, 


H - A m-. - 
o o I 


si > 


(7-1) 


where H = 
o 


g ^ ^1 ~ —3/2, ... 5/2 aiKl g^ the iso- 


* 

tropic g-factor and is the isotropic hyperfine interaction 
parameter expressed in gauss. The calculated parameters are as 
follows : 


g^ = 2,0056 (6) and jA^| = 95 (l) G 

A§ mentioned earlier NH^Br undergoes three structural phase tran- 
sitions aroxand 410K, 235K and 78K irespectively. it ^as not pcssi- 
ble to study the transition at 41 OK in the present case as the EPR 
spectrum vanished well before this temperature because of the 
expulsion of Mn impurity from the NH^Br lattice, <i.te phase III 
after a transition at 235K Jfg' reported to be a tetragonal distor- 
tion of C^Cl-structu^ besuititf^ f itot an antif errodistortive. 



ordering of ions in the lattice. The tenperature variation 

of the EPR spectra reveals a structural phase transformation taking 

place around 230K which is reflected in the transformation cxf the 

isotropic spectrum into an anisotropic spectrum at 2 30K, However,^ 

the transition tertperature is lowered by r\j 5K from its reported 

value. Such lowering of transition temperature of NH^Br has ear- 

14 . 

lier been reported by Sastry and Venkateswarlu and Trappeniers 
et al^^ and has been attributed to the presence of inpurity ions 
in the crystal. As has been mentioned earlier no changes in the 
EPR spectra were observed around 78K and therefore the transforma- 
tion phase III phase IV was not reflected in the present EPR 
study. 

It is worth mentioning here that in the urp\iblished work of 

Sastry^"^ it has been mentioned that the transformation of the EPR 

' ' ' ' ' ' '' 
spectra at 22 3K is from a sextet to an isotropic spectrum ccxrpri- 

sing five sets of sextets. Our observations are completely diffe- 
rent and the spectrum II is not only anisotropic but also does not 
comprise the usml five sextets. We have corrpared our spectra 
with theirs and found that there is some mistake in their assign- 
ment of the sextets observed at LNT, In a particular orientation 
of H their assigned spectrum resembles to a part of the EPR spec- 
trum observed by us. Therefore their analysis of the spectrum 
seems to be erro.neous and the value of|D|'\!536 G obtained by them 
is not reliable and compatible with the observationi However, 
their observations in the ifce^iperature range of 300K (RT) to 223K 
are similar ,tQ^ our ' pfc^rvaticiis,^ 



It is rather iir 5 )ossible frcxn only X-band EPR spectra to 
obtain a quantitative information about the crystalline field in 
the present case, albeit, one can get sane qualitative infornation 
frcan the observed low temperature spectra II. For example one can 
see that the angular behaviour is consistent to a tetragonal field 
with the tetragonal distortions coinciding with crystallographic 
axes. This is sijpported by the presence of two sextets *A* and 
*B* which do not show any angular variation in (100) planes and 
correspond to the centres for which H is at © = 90 , throughout 
in these planes. Secondly observation of only two sextets Corines— 

^ I .. 

ponding to © = 0° indicates that the zerof ield splittings of Mn 
ground state in the tetragonal phase III of NH^Br is very large 
(much larger than in NH^I or NH^Cl), The absence of normal five 
groups of sextet for other orientation of H and the extremely 
large anisotropy in position and intensity of varioiis sextets is 
also consistent with the asstaoption of a large zerof ield splitting* 

13 2+ 

Nicklin et al have computed the g-factor of Mn for the 

case |I>|>>.3gH by assuming that for a pair of energy levels the 
Spin-Hamiltonian may be written in terms of an effective spin 
= 1/2 and eqtiating its Hamiltonian matrix to that of the 
Zeeman-Hamiltonian with S = 5/2 for the pair of levels under con- 
sideration. It is clear that for large axial crystalline field 
a transition at ^ ^ should be observed for orientations of 

H at © = 90°. Similar conclusion has beeh drawn by Dousing and 
Gibson and Castener ef al- ' * ^It is noteworthy that in the pre— 
■sent ca^ for'-H ■af'''ipeaks (A) is obsearved at 

‘tday ccanplexity of the SPR 



spectra at LNT is a consequence of very large zerofield splitting 
in the NH^Br lattice which is expected for an Mn - vacancy pair 
just like in other airmonixm arKi cesitm halides. It is rather sxir- 
prising that vacancies which are rKnote in the upper phase become 
dramatically bound on phase transition to lower tenperature phase 
and vice versa. The values of hyperfine constants' determined from 
the low temperature spectrum are: 

j a| = = 92 G 

SECTION B : EPR STUDY OP VO^'*' IN NH.Br 

4 

EXPERIMENTAL RESULTS 

At RT (Aj 300K) the spectrum was found to be isotropic. The 
peak to peak derivative height and linewidths showed a m^ depen- 
dence, As the teirperature was raised above RT upto r\j 406K^ the 
derivative heights increased and the p-p line widths decreased. 
Above Aj 4o 6K the line widths demonstrated an ancsnaly and above 415^ 
the trend reversed. On further increasing the t-anperature it was 
observed that around 43 3K the background signal (single broad line 
structure) started increasing, indicating scxne physical changes 
occuring in the sample. On physical examination it was found that 
the crystal surfaces had decayed into a powder and heating the 
crystal above /V 433K for scxne time turned it ccanpletely into a pow- 
der. This powder gave only a single broad EPR signal. It was 
found safe to heat the samples only tpto 430K and the changes in 
line widths around 408K were felted to, be reversible indicating a 
structural ' phase In Pig, VI-1,4 EPR spectra 

ccMPprising -‘isbtrb^ac'--'lxrt^-<a^?'’1^scfwn.'‘,ait- different terperatures and 



In Fig,. VII. 5 the tenperature dependence of line width of the line 
m.j. ^ -.1/2 is shown. It was noticed that above 380K the lines star- 
ted showing saturation with 200 mW microwave power. At t^ipera- 
tures arourid 400K the saturation behaviour was much more pronounced. 
Therefore the power level was kept sufficiently low (Aj 2 mW) to 
avoid any possibility of saturational line broadening. At RT and 
below, the lines did not show saturation behaviour even when \ising 
200 mW microwave power for getting the EPR spectra. Pig, VII. 6 
shows at 388K for various lines the graph between derivative hei- 
ght awl square root of microwave power used. 

On lowering the temperature below RT the derivative heights 
decireased and the line widths increased and around 233K the octet 
structiire disappeared ccxipletely leaving behind a broad background 
signal which increased in intensity conpared to its RT intensity* 
Below 223K a. new structure started showing up which gained inten- 
sity with further lowering of the tenperature. Thls.^ectrum was 
also fotind to be conpletely isotropic and con^rised two sets of 
octets. One set was relatively stronger in intens^-ty but cocrpr- 
essed in spread compared to the other set. This spectnm observed 
below 22 3K did not show tenperature variation in position down to 
LNT, The line widths of the octets at LNT were found to be large 

'■ 2 -I- ■' 

compared to those for VO in NH^I at LHT, The isotropic single 
octet observed above 2 33K will be referred to as spectrum-I 
(Pig. VII, 4) while the low tenperature spectrum c craprising two 
sets of isotropic octets will be referred to as spectrum-II (Pig. 

VI I*. 4 ), It-Ainay be ■ :tefere that t3|S change from spectrum- 
I was;, found to, be- .revefsijbiei dfyetals did not show any 



signs of damage on repeated cooling and heating between 300K and 
LNT. At LKT the lines of the spectrrun did not show any saturation 
with 2 00 mW microwave power, 

3,2 DISCUSSION 

The salient features of spectra-I and II are similar to 

2”i- 1 $ 

those of the corresponding spectra of VO in NH^Cl and NH^I 

2 + 

(chapter VI), Therefore most of the arguments given for VO :NH^I 

2+ 

are also applicable to the present case of VO :NH^Br. In the 
following the results of the SH amlysis and line width analysis 
will be presented and discussed in brief. The additional features 
of the EPR spectra of VO^"*" in NH^Br will also be discussed in what 
follows. 

The spectra I and II at various temperatxires were analysed 

2 + 

by the methods used for VO in NH^I, It was observed that the 
SHP of spectra I and II are almost constant within experimental 
errors over the respective tenperature ranges studied. Therefore 
the SHP obtained from analysis of spectrum I at 400K and of spec— 
trum II at 77K are presented in the Table VII. 1. 

The spectrum-I is attributed to vanadyl ion undergoing rapid 
tumbling motions in NH^Br lattice and the reorientation rate is 
fast enough to average out the anisotropy in g and A tensors. At 
low temperatures the rapid motions of the vanadyl ion beccxne hin- 
dered progressively and at sufficiently low terrperatures (around 
LNT) these are almost quenched, and as a consequence the anisotro- 
pic .'interaqfion!^ ®PR spectrum.* However it 

has been observed that the ^>ectrum II is also independent of 



crystal orientation with respect to static magnetic field, which 
can be explained on the basis of a randcxn distribution of V-0 bond 
in the host lattice at low temperatures. The spectrum-II is simi- 
lar to that of in polycrystalline samples. Therefore, a ran- 

dom distribution of V-O bond in the NH^Br lattice at low teirpera- 
tures results in lines correspondir^ to H parallel and i?perpen- 
dicular to V-0 bond. Frc*n a statistical distribution it is also 
expected that the intensity of lines corresponding to perpendicu- 
lar orientation will be twice that of lines corresponding to para- 
llel orientation. In Pig. VII. 4a lines marked by *a’ represent ^ 
the parallel -spectrum and those marked by *b' represent the per- 
pendicular-spectrum. It is, therefore, believed that while in the 
upper two phases I (NaCl) and II (CsCl-disordered) the molecular 
ion is tumbling very fast, in phase III (CsCl -ordered) the motions 
get effectively quenched. 


B.3 LINE WIDTH 


The observed m^ dependence of line width is also believed 
to be a consequence of rapid tumbling motion of vanadyl ions even 
in the solid state lattice in the present case. Kivelson‘s theory 
of line width for rapidly tumbling paramagnetic ccxrplex has alrea- 
dy been described in Chapter VI for VO :NH^I. The expressions 
given there were used for the line width analysis in the present 
case and the obtained parameters are listed along-with the SHP in 


Table VII. 1, In Pig, VI 1.5 the d^>ehdence of line width for 
spectrum 1 is shomi. It was found that the ratio obtalned^ 

frc®i.'the' line" width show a' temperature dependence 





and is found to be around 1,5 in the present case. It is also 

possible to obtain this ratio from the analytical expressions 

given in Chapter VI by making use of the SHP obtained frmi the 

analysis of spectrum-II. It is found that like in the case of 

VO^'‘‘:NH^I and other lattices (see Table VI, 2) the two ratios viz. 

(Ao/Ao)ttt and (A~/A^) are not in ,good agreement. This disagreement 
2 J LW 2 -3 Cal 

has already been discussed in Chapter VI, 

Using the analytical expression for A^ given in Chapter VT 

it was possible to estimate the correlation time ^ at various 

ten^eratures describing the reorientational processes and was 

found to be of the order of 10 sec. Sxich values of correlation 

time are typical of the vanadyl ion in liquids of low viscosity 

(e.g. VO in benzene) * , Therefore the assumption that vanadyl 

ion in solid lattice of NH^Br behaves like in a liquid^ so far as 

the relaxation in EPR are concerned, seems to be justified. In 

2 + 

Table VII. 2 the varioiis solid state lattices, in which VO ion is 
believed to behave like in a liquid showing rapid t\3mbling beha- 
viour, are siinroarised. 

Due to the isotropy of both spectra I and II it is almost 
impossible to decide about the type of magnetic centre (vanadyl 
complex) in the present case also. However the crystalline field 
or the motions of the NH^'*’ ions ,seem to affect the line width of 
spectrum-I, The observed anomalies around 408K and around 230K 
clearly indicate the structural phase transitions around these 
temperatures. The former pha^e transition is of first order and 
the latter o£ ''-seconid Ah; Tl%-the ordered CsCl 



ions and the 


staructure phase III there are no rotations of 
structure seems to favour quenching of the txmbling motion of 
vanadyl ions just like in the case of NH^I. In the high teirpera- 
ture phase (NaCl -disordered) the ions are multiply disordered 

in orientation and undergo ccarplex motions and the relaxation 
mechanism seems to be affected differently in NaCl and CsCl (dis- 
ordered) structures. No significant changes in line width were 
noticed around the third reported phase transition temperature 
(78K), Therefore either this transition did not take place in the 
present case or did not affect the line positions . and widths. 
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TABLE VTI.l 


2 + 

SHP of spectriom-I and spectrum-II at given tenperatures of VO 
in NH^Br single crystai. 

Spectrum 3pin-Hamiltonian Parameters 


sSpectrum-I 

(400K) 


g^ = 1.974(1) 

1 = 112 (1) feuss 

I Oi 


g^j = 1.938(2) gj_= 1.991(2) 

|Aj = 200(2) Gauss |Bj = 70(2) Ga^ass 

spectrum-II 

(77K) g^^^ = (g^^+ 2^/3 = 1.97 33 

Agff = ■^} + i2BD/3 = 113.3 Gauss , 


Line Width Analysis Parameters 

A^^ = 13.0 G^uss. ^ 2 = C^xoss A 2 = 1.0 Gaiiss 

^’A2'^A3)q^2, = 14. 





TABLE VII, 2 


2+ 

Latticegin which VO exhibits rapid tumbling motion: 
studied fron EPR, 





SHP of Spectrum- II 

Ref, 

i iO' St!* 

^0 

1 Os 

_ _ _^h _ 

% 

|A| (G) {Bj (G) 

NH^Cl 

1.966 

103.9* 

1.925 

1.977 

174 67.8* 

(16) 

NH^Br 

1.974 

112 

1.938 

1.991 

200 70 

Chapt . VI 

pres.ent 

thesis 

NH^I 

1.970 

110 

1.948 

1.980 

190 68 

Chapt, V3 

present 

thesis 

NaCl 

1.971 

104* 

1.925 

1.996 

176.8* 64.2* 

(24) 

KCl 

1.969 

106.8* 

1.932 

1 . 988 

186.8* 70.4* 

(24) 

RbCl 

1.967 

106* 

1.939 

l’. 968 

188.7* 63.9* 

(24) 

BaCl 2 . 2 H 20 

1.966 

106.4* 

1.930 

1.977 

177.2* 74.4* 

(25) 

BaBr 2 . 2 H 20 

1 . 963 

107* 

1.928 

1.979 

182.9* 73.4* 

(25) 

KllOg 

1 , 966 

116 

1,935 

1.974 

199 78 

(26) 

CsNO^ 

1.964 

115 

1,919 

1.984 

218 67 

(26) 

NaN 03 

1..965 

115 

1.947 

1.974 

218 67 

(27) 

NH 4 NO 3 ■ 

1. 963 

116 

1.939 

1.975 

•206 67' - 

(27) 

Ba (^ 03)2 

1.964 

116 

1.9T9"'"" 

1.984 

199 . .... 78- 

(27) 

UOjCNOj)^ 

1.964 

116 

1.930 

1.981 

198 77 

(28) 

Dimethyl 

alanine 

crystals 

- 

95 

■ ^ .1 . -i - 



195 45 

(29) 


—A ■ 

*Vplnes are in-, 10 ■ 
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CHAPTER VIII 
CONCLUSIONS 



In this chapter we give a coitparative discussion on the 
studies of Mn2+,.Cu^+ and VO^'*' in NH,Cl, NH,Br and NH I 

% # 4 

carried out by us and by other workers. At the end of the 
chapter is given the scope for further studies on these systems 
that may help in further understanding these systems and substar 
tiating the conclusions dravm from the studies till new. 

(i) Mn^^ IN NH^Cl, NH^I AND NH^Br 

The RT EPR results of Mn^"*" in NH^Cl and NH^I are similar 
^d are characterized by a large zero field splitting with 
ietragonal symmetry. in NH^Br, however, the RT spectrum is 
different and suggests no distortion in cubic crystal field — 

the charge coirpensating vacancy seems to be far away from the 
metal ion* 


No results are available for studies at tenperatures 
higher than RT for NH^Cl, Hoi^rever, in NH^I on raising the 
teoi>erature above RT first the spread of the axial spectrmi 
decreases, then O/ 480K only a six line spectrum remains, which 
above 500K finally gives a broad band with a sharp line si:per 
imposed on it. The changesare reversible upto 500K. Bit on 
heating above 500K Ur?* gets expelled from the lattice and 

the crystal turns into a powder. 



On loweiring the tenperattxre below RT the parnmeter D and 
peak— to-peak line widths show similar behaviour in NH^Cl and 
NH^I, The phase transitions are reflected by an anomalous 
behaviour in D and line widths. In the case of NH^Br there is 
a drastic change in the spectrum at the phase transition tenpe— 
rature { nj 2 3 OK) . The RT spectrum disappears around the phase 
transition terrperature and several groups of sextets are observed 
below this tenperature. This presumably is due to a large tetra- 
gonal distortion taking place after the phase transiticai. !me 
D value appears to be much larger than that in NH^Cl and 
although no quantitative information about D parameter was pos-siblt 
frcOT the coftip'lex .EPR spectrum of Mn in, NH^Br at: 1-cm tesi^ejcatnires . 

(ii) IN NH^Cl^ NH^Br .AND NH^I 

The behaviour of Cu^"^ is similar in all the three hosts. 

2 + 

Three types of Cu centres are observed which could be selectively 
produced by proper choice of crystal growth conditions. The SH 
parameters in the three hosts are given in the Table yill.l for 
comparison. The tenperature variation studies in all three 
hosts show drastic changes in the hyperfine parameters around 
the phase transition tertperatures. 


(iii) VO' 


2 + 


IN NH^Cl, NH^Br AND NH^I 
^2 + 


At RT and above VO in all three hosts shows a similar 
behaviour like that of 'WO 4^ liquids giving rise to an isotropic 


eight,, line 


’ ’ ' , , , ?; 


n a rapid tiambling motion, CP 


lowering the • te 


» ttmahling motion in all three hosts 



gets hindered below their respective phase transition tejrpera— 
tures leading to two isotropic octets. 

(iv) SCOPE pca FURTHER STUDIES • 

It would be interesting to study Mn^'*':NH^Cl system at 
temperatiires above RT and to compare the results with those in 
NH^Br ^^nd NH^I, particularly the expulsion of Mn^"^ from the 
lattice at higher tenperatures , • 

In the case of Mn^'^:NH^Br the lew tenperature spectra 

if studied at Q-band could give more and unambiguous information 

.1 ■ ■ 

about the presumably large tetragonal distortion. 

In Cu^’*':NH^I and Cu^'^tNH^Br/ studies with deuterated 
samples and with enriched isotope of copper will give sharper 
lines. This will help in the observation of shfs due to ligands 
which could give definite information. regarding Cu^"^ ion site 
and its coordination. Further^ sharper lines could also allow 
the observation of hf forbidden transition from which accurate 
quadrupole parameters can be obtained. 

Lastly EPR studies in*solid solutions of ammonium 
halides may be helpful in understanding the correlation, if 
any, of the D-parameter with the halogen ligands. The nature 
and transition tenperatures in solid solutions may be helpful 
in understanding the role of halogens in the phase transitions. 



TABLE VIII. 1 


2 + 

SHP of scxne of the Cu centres in NH^Cl, NH^Br and NH^I hosts. 


Host 

Centre 

Tenf>, 

g,j 


{A| 

Gauss 

|Bt 

C^uss 

Refr. 


I 

RT 

2.0232 

2.2896 

41.9* 

61.8* 




LNT 

2.045 

2.254 

11* 

75* 


NH^Cl 

II 

LNT 

2.0003 

2.2191 

233.9* 

67.2* 

(1) 


III 

LNT 

2.009 

- 

118* 

- 



I' 

RT 

2.0036 

2.217 

182.6 

0 


% 


143K 

2.032 

2.032 

164.0 

- 


NH.Br 

4 

II 2 

RT 

2.301 

2.15 

46 

49 

(2) 


III^ 

143K 

2.367 

2.152 

70 

68,4 



I^ 

RT 

2.011 

2.216 

190 

30 



2 

LNT 

2.0051 

2.2385 

250 

65.5 


NH 'I 

4 


RT 

LNT 

2.019 

2 . 01 89 

2,222 

2.229 

80 

128.5 

56 

63,5 

1 ' ,.t Present 
thesis 


III 

RT 

2,039 

2.249 

15 

70 



LNT 

2,0280 

2.250 

43 

60 


*Values 

are in units 

-4 - 

of 10 cm 

-1 ^ ■' 




(1) s. 

H. Hagen 

and N.J, TraK>eniers, 

Physic a 

47, 165 

(1970). 


(2) M.r>. Sastry and VenJat^watlm,, Proc. Ind. Acad. Sci, 

66, 20e (1967), 





APPENDIX A 


Literature Surrey of Magnetic Resonance and Relaxation Studies 
on Anunonium Halides. 


System 

Physical 

Method 

ir 

RCTtarh 

Ref. 


EPR 

<9L- i»«uwoC 

Very large D parameter,/ X-band 
study at RT, ^ 

1 

NH.I:Cu^'*' 

4 

EPR 

Three types of copper center at 
RT, SHP analysis. 

2 

NH^CliMn^'^ 

ZP-EPR 

Improved SHP, EPR at zero inag» 
field. 

3 

NH,C1, Br 

4 l^x 

EPR 

100 to 290K, Tsrtperatu 33 e d^en— 
dence of SHP, Effect on SPT, 
Tpicritical points. 

4 

NH^(Cl,Br,I) 

- NMR 

Cross relaxation dispersion, tenp 
dependerce. 

.5 

NH^Cl : Rh 

EPR 

^-irrad, stabilization, EPR 
investigation of Rh^^ and 

Rh(II) centres. 

6 

NH^Cl 

NQR 

Electric -fie Id garadient at Cl 
nucleus, quantum mechanical, 
atomic orbital and STO-Calc, 

NQR frequency. 

7 

NH^CljNi^'*' 

EPR 

EPR spectraam, spin Hamiltonian^ 
zero field splitting effects. 

8 ,. 

KD^BrtCu^^ 

f 

EPR 

' v'.f , ■ . 

Pseudo-Jahn-Teller effect, 
manifestation in EPR. 

9 

NH^ (Cl,Br) 

Relaxn. 

Anisotropy of T^D, 

10 

NH^Br 

PMR 

Proton spin— lattice relaxa- 
tion, tenp. dependexKae, 

11 

NH^(Br,I) 

NMR 

14 • 

N, NMR obsearvation, relaxa- 
tion to st3~UG, tiansiticffi. 

12 

NH 4 CI/ ' 

PMR 

in^Pietil^ decay shape 
. -^nd ■ 

7 V « - 'r/;^ > 

of ' ' Centres, room temp. 

13 

14 


*IniopiEiation''’uMer. are given in abbre- 

viated f 03311 for tiie point of space-economy. 


Contd 




System 

Physical 

Method 

Remarks 

Ref 

NH^ (Cl,Br,I) 

Nl^ 

NMR iinder high pressure 

15 

NH^Br:Cu‘^'^ 

EPR 

Nl'lR lander high pressure 

EPR & C^tical absoi:ption of 
cqpper centres. 

16 


EPR 

Molybdenyl centres in NH^Cl 
single crystal. 

17 

NH^Cl 

NMR 

Cl, ^^N, NMR Chem. Shift 
references evaluation. 

18 

NH^Cl 

PMR 

NH^Cl in RbCl (KCl), NH^ motion, 
PMR, proton-spin lattice relaxa- 
tion time, temperature dependence 

19 

ND.Cl'Cu^'*' 

4 

EPR 

High pressure EPR, oarder-disorder 
transitions. 

20 

nh^i 

NMR 

Toirtional spectroscopy by NMR in 
rotating frame. 

21 

NH^ClrPd 

EPR 

Pd cc«nplex,'^-irarad. 

22 

NH 4 CI 

NMR 

Order-disorder transition. 

23 

NH^BriMoO^"^ 

EPR 

Hyperfine interaction. 

24 

NH^I; SnP 2 

Mossbauer 

Mossbauer data for various phases. 

,2S 

NH^Cl;Cu^'‘' 

EPR 

4,2K to 400K effect of moticai 
of ligands . 

26 

: 4 

EPR 

Po 3 ±>idden hyperfine transitions. 

27 

NH^ClzCu^"^ 

EPR 

EPR on centre I of Cu^'*’ 

28 

NH^Cl:MoOCl^~ 

EPR 

EPR study at RT and LNT. 

29 

- 2 + 

NH^Ci:Mn 

EPR 

Position, intensity of hyperfine 
line calculation. 

30 

NH^Cl:r4n^’^ 

EPR 

Line width temp, dependence, 
order— disorder transformation & 
molecular reorientation. 

31 


EPR"" ' 

Pressure effect on EPR near ^ 

32 


EPR 

Single crystal, SHP Temp, depend. 

33 


System 

Physical 
Met hex! 

Remarks 

262 

NH^ Cl 

NMR' 

35 

Cl spin-lattice relaxation due to 

critical effects. 

34 

ND^Cl 

i'®'iR 

14 35 ' 

N and Cl spin-lattice relaxation 

near order-disorder transition^ 

35 

NH^(Cl,Br) 

I^IHR 

35 

Cl spin-lattice relaxation obser- 

vation near critical effects. 

36 

NH 4 CI 

NMR 

1 

H spin-lattice relaxation, 
reorientation of 

37 

NH^Cl 

M4R 

1 

H spin— lattice relaxation, 
experimental results near/\-transition 

38 

■m 

NH^Cl 

NMR 

1 

H spin-lattice relaxation, calcula- 
tion for 4— spin system 

39 

NH^Cl 

mR 

1 

H spin- lattice relaxation, exptl, 
results outside A -transition. 

40 

NH^Cl 

Pm 

' Anisotropy in proton spin- 
lattice relax, time in rotating frame 

41 

* 

NH,Cl:Cu^^ 

4 " 

EPR & 
EJSfDGR 

ENDOR and EPR investigation at 4,2K 

• 

42 

NH^ClrCu^"^ 

EPR & 
EHDOR 

ENDOR investigation of superhyperf ine 
interaction theoretical analysis. 

43 

NH^Br 

NMR 

Spin— lattice relaxation time of 
nuclear dipolar energy. 

44 

NH^I 

NliR 

Spin— lattice relaxation time of 
nuclear dipolap : <^iergy 

45 

NH^Cl 

NI'-IR 

Free induction decay means; zero time 
resolution pulsed -NMR method* 

46 

NH^(^^Cl,®^Br) 

NI-IR 

High pressure order— disorder trans* 

47 

NH.Br 

4 

NMR 

Order parameter determination for 
order-disorder transition °^Br 

48 

NH^Cl 

NMR 

N & Cl spin— lattice relaxation 
^ —transition., 

49 

NH.CltOa^'*^ 

4 * , 


^tlgal and crystal parameter. 

50 

NH^Cl ana 
NDjcltCn 

EPR 

Cu cdiplexes, temperature dependent 

51 


Cnn-tri _ 



System 


Physical 

Method 


Remarks 


NH^Gl 


SLR Spin-lattice relaxation & molecular 52 
reorientation near T 


NH^Cl : Pd^ 


reorientation of NH^+. 
Investigation of Pd^ 

Pd*^ centres SHP calculations. 


NH^ (Cl,Br,I) 


PMR line shape of ions with 

tunneling influence. 


NH^Br 


Investigation of order-disorder 
phase transition. 


NH^Br:Cu 


EPR spectral interpretation and 
SHP calculation. 


NH^Br 
NH^(Br, I) 
NH^Cl 


Time dependent spectra at 4.2K, 

Study of tiinneling of ions. 

Nuclear mag. relax, indticed by 
randcxn molecular reorientation. 


NH^Cl 


NH^Cl 

NH^Cl 


Proton spin-lattice relax, and 60 

order-disorder trans, tow tenp. spin 
relaxation of hindered ions. 

Low temp, spin relax. of hipdered ions. 61 

Spin— lattice relax, time of nuclear 62 
dipolar energy terrp'. and orientation 
dependent. j , 


NH^Br: Cu 
NH^I 

NH^Cl:Cu‘' 


NH^Cl (ND^Cl) :Cu SPR 


EPR covalency, core polarization, 63 

PMR intensity, nuclear spin value, 64 

Effects of order— disorder transition 65 

in EPR and Optical spectra. 

off-centre position, 66 

EPR observation at 6K, 


NH^Cl 


ilH^Cl 


Enhahc^ent of W*". resonarice by 
nuclei’ overhauseir effect. 


NP^Br - 


- v':'. ■" 


^|>J.ii.'^i^tt.4ce relax, times. 


e relax, times,, SPT, 6 9 


Contd 



System 


Physical 
Met hex! 


Remarks 


Ref 


NH 4 P 

SPR 

SPR of Cu^ , t et rated ra 1 , site , 

70 



calculation of SHP. 

NH^Cl:Pe^'*' 

EPR 

• 

Zero field energy level 
determination. 

’71 

NH^ClrCr^’’’ 

EPR 

77-330K-temperature dependence. 

72 


EPR 

Relaxation 4.2K, saturation. 

73 

NH 4 CI 

Relaxn. 

Solid, spin rotational relaxation 

.74 


EPR 

Single crystal. 

75 

NH Cl 

ND 4 CI 

EPR 

Irradiated, 

75a 

NH^CliCo^'*', 

EPR 

X-irradiated, P-centres obser- 
vation. 

76 

NH 4 CI 

SPR 

EPR of radiation induced 
paramagnetic centres. 

17 .. 

NH 4 CI 

NMR 

Internal motions, NMR use of 
relaxation function. 

78 

NH^CltCu^'*' 

ESR 

^ -type phase transition 

Cu 2 + impurity effects, , 

79 .' 

NH 4 I 

KMR 

Polyerystalline, NMR study of 
hindered rotation. 

00t<'' 

NH 4 (Cl, Br) 

EPR 

Radiation-indriced paramagnetic 
NHjCl colour centre. 

81 

ISFH 4 CI 

NMR 

Effect of impurities on 
spin— lattice relaxation. 

82 

NH 4 Cl:Mn^'^ 

EPR 

Tejxqperature dependence. 

83 

‘NH 4 CI : VO^"*" 

EPR 

'1 

Line widths. 

84 

MH 4 I 

NMR 

Cubic- & tetragonal magnetization 
ooescistence proton spin— lattice 

85 



■ |r;^l%^tic« determination. 




V '™’r 




;■ •.-Si^^^%S>.'','i|^t^tlon of ions . 

calcul. 

86 

87 


Contd 




System 

Physical Remarks 

Method Remarks 

Ref, 


ESR 

24“ 

ESR studies of VO , Tumbling 
motion of VO^t, 

88 

NH^C1;Cu2+ 

ESR 

Temp, depen. of Cu^'''^ 4,2K to 453K, 
SPT, G.S. calculation. 

, 89 

NH^Cl 

NMR 

35 

NMR of Cl , Temp. & Press, depend, 

. 90 

NH^Cl 

NMR 

12 

H & D spin-lattice relaxation, 
temperature variation observation. 

91 

ND^Cl 

NMR 

2 14 

D and N NMR spectrum. 

92 

NH^Br 

NMR 

— trans. detention by proton 
spin-lattice relaxation. 

93 

NH-BriCu^"^ 

4 

EPR 

EPR of centres. 

94 

ND 4 Br 

KMR 

Spin-lattice relaxation and 
phase transition. 

■,S6 

NH^BrrCu^'^ 

EPR 

EPR of Cu^'*'. 

‘ 96 

0-^ 

NH^Cl:Mn^^ 

EPR 

EI4PR of Mn^’*'. 

97 

NH^Cl 

EPR 

EPR of Cu^^, Mn^"^ teirp, variation. 

98 

MH^Cl 

ESR 

Related to phase transitions of 
second order. 

99 

NH^Cl 

NMR 

Relaxation at high pressure. 

100 

ND^ (Cl^Br) 

NMR 

d mag. resonance 

101 

ND^Cl^NH^Br 

NMR 

Deuteron mag. resonance in single 
crystal. 

102 

NH^Br 

ESR 

Vj^ centre, ^^2~' cfcservation. 

103 

NH 4 I 


^in— lattice relaxation times for 
protons & Iodine nuclei, different 
phases., 

104 

NH 4 I ';:.:v . 

MMR Ktacl^ar ^i.n'-lattice relaxation of 
.siod_ I nuclei. 

105 

NH^GlsOa^JJ' 


_effeot. 

106 

NH^ClsCu^t; 


295K^ SPT. 

107 



Ccaitd 


System 

Physical 

MethcxJ 

Remarks 


NH^Cl:Pe 

SPR 

EPR spectra, with Pe groi: 5 > ions. 

108 

ND^Cl 

NMR 

Rotation of NH^'*’ 

109 

NH^Cl:Cu^'^ 

ESR 

ESR spectrum. 

110 

NH^Cl 

E3R 

Electron deficiency, centres. 

111 

NH^Cl 

ESR 

I'M^Cl-MnCl 2 -H 20 solid solution, 
EPR of 

112 

ND^(Cl,Br) 

DMR 

DMR line width transtions 
observation. 

113 

NH^ (Ci,Br} 

PMR 

Proton mag. resonance in single 
crystal. 

114 

NH^ (Cl,Br,I) 

NMR 

NMR of halogen. 

ll'S 

NH 4 I 

PMR, 

Proton resonance, motional 
narro’wing and line shape. 

116 

NH^ClrMn^"^ 

ESR 

Very large D parameter at RT, 

117 

ND-Br 

4 

Relaxation 

^in lattice relaxation 
phase transition, 

■ "''418 
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APPENDIX B 


ALGORITm OP THE COMPUTATIOtlAL 


METHOD FOR SHP OF IONS WITH S "7 


Here, the sluplified algorithm of the coiputational 
method for fitting the SHP of ions with S ^ in an ortho- 
rh(xnbic or higher symmetry of crystalline field, is given. 

The computer program can be v^ritten easily front it £or the 
calculation of 2S spin-Hamiltonian parameters fron the 2S 
values of obsearved resonance fields for single orientation or H. 

More than 2S spin Hamiltonian parameters can befitted tising 

* ' * • ^ 

data ror resonance fields at more than one orientati<» of for H. 
This fitting method is considerably fast as all the parameters 
get fitted simultaneously. 


Steps for Conputation : : i 

j '• 

(1) Express the spin Hamiltonian (SH) matrix as ^(i)^ 

(i) ■ 

and define the T operator matrices and 

parameters to be fitted. , 

(2) Read 2S experimental resonarxie fields and matching microwave 

" - ' ' ' ■' ' '' ■ ■ ■ 

quantum, 

(o) 

(3) Assign initial values xKv to the X/.v parameters. 

^ . (o) 

(4) Construct the SH matrix using the initial estimates 


the Resonance fields , (H . ) 


levels corresponding 



(6) Choose a positive integer M (usually = 10) and define 2S 


increments { H ^ ) = (H® - hT)/M. 

C7) Assign L = i i,e, step first . 

(8) Caapute 2S step fields hT + L. (A.Hj). 

(9) Assign N = 1 (i.e. first iteration). 

(10) Do the following for j = 1, 23 : 

(i) Construct SH matrix with H = and x^ = xf°^w 

(ii) Diagonalize to obtain 23+1 eigen values and the 
eigen vector matrix C such that C^^ C = j • t 

X 1 ■ 2' 


(iii) Evaluate functions; Pj 


'( 1 ^ - 


■p. 


■■k+l 


ana 

P / 


2 S+1 

/^i^ “ > k=j,j+l? i=l,..,2S. 


(i) 


(iv) Rj_j ^i(j+l), i=l,',.,,2S 


(11) Comoute P : 


2 3 

j=l -* 


(12) Svalviatc the following functions for k=l,,..,2S 
and i-l-^i ,.^2S- : 

23 


(i) B.j. 


i=i 


' ^ j A R,- ,• an<3 


ij : 


(ii) D_. 


23 

F. AR- • 
J ij 


(13) Construct set of linear 


23 ^ 






(14) Solve for A constrxKt modified values for initial 


estimates : 

(N) , (o) 


'=^1 ' 


i = 1, 2S 


(15) 


(16) 


Replace by for next iteration 

(o) ■ (N) 

3 L.e. Xj^ = Xj^ . 

—2 —3 

Define convergence limit Zii P (usually 10 to 10 ) 

:If F Ap go to step 17. 

: ;'V’ ' ' 

F > Ap then put N = N -f 1 and go to 10. 




.. 


If L = M go to 18 and if L M assign D = L+1 and go to 
step 8. 


(18) 


(N) 


x; ' are the fitted SHP, 
1 


(19) ' STOP, 

(20) END 





